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ABSTRACT 
Drystack walling can be constructed faster with less skilled labour compared to the 
traditional mortared masonry walls. However, the contact surface unevenness of the 
blocks affects the constructability of drystack system. This thesis is aimed at studying 
the contact surface properties of the drystack interlocking blocks and to propose 
suitable mitigation strategies through systematic experimental and numerical studies 
so that this masonry type could be constructed with ease and used as a structural 
system. 
The contact surface characteristics of the drystack blocks have been studied 
experimentally. The measured data have shown that the drystack blocks exhibit highly 
uneven surface with high peak pressure because of the interstices present on the contact 
interface. The unevenness of the contact surface creates a gap between the blocks 
which is responsible for a nonlinear progressive stiffening behaviour of the interfaces 
subjected to compression. A micro finite element model incorporating the uneven 
contact surface of the interlocking drystack blocks has been developed to validate the 
experimental results. 
As the micro finite element model is cumbersome to perform, an analytical model 
inspired by damage mechanics has then been developed to predict the strength and 
compressive stress-strain behaviour of the drystack masonry. The experimental data 
have been used to calibrate a nonlinear progressive stiffening constitutive law which 
is then incorporated with damage laws to simulate the drystack masonry interface 
behaviour. The average strength predictions from the model have been observed 
conservative and the stress-strain response compared well with the experimental 
curves. The analytical model is also shown capable of predicting the response of the 
conventional masonry with 10mm thick mortar joints and thin layer mortared masonry 
(2mm – 4mm thick mortar joints) under compression. Predictions have been compared 
with the provisions in the Australian standards AS3700-2011 and the Eurocode EC06. 
Two strategies for reduction of the contact surface unevenness are proposed (1) 
grinding the surface of the blocks and (2) embedding a packing material to fill the gap. 
The drystack block prisms with ground surface has been analysed through finite 
element modelling method; the peak contact pressure has been shown to reduce 
considerably for the ground blocks with smooth contact surfaces. However, as 
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achieving perfectly smooth contact surface through grinding can be expensive, the 
implications of embedding the polyurethane foam, auxetic foam and auxetic fabric 
have been studied numerically. The auxetic materials were selected for their unique 
negative Poisson’s ratio over their conventional counterparts. The materials have been 
tested in the lab for the mechanical properties and employed in a finite element 
modelling of the foam/fabric embedded drystack prisms. The embedment of auxetic 
fabric layers in between the drystack blocks is determined as an optimal mitigation 
strategy to smoothen the contact pressure distribution. The optimal strategy has been 
applied for the finite element analysis of drystack wallettes subjected to compression 
loads. 
The drystack walls require rendering to survive the unavoidable eccentricities in the 
compression loads. Commonly used fiberglass reinforced mortar composite render 
fails due to delamination and brittle splitting; mortar-auxetic foam composite is 
developed as an alternate type of rendering for masonry. The developed mortar-auxetic 
foam composite has shown complete elimination of delamination. The rendered 
drystack wallettes have been analysed numerically; the results exhibit improved 
behaviour of mortar-auxetic composite rendered wallettes under concentric and 
eccentric compression. 
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CHAPTER 1: INTRODUCTION 
1.1 Background 
 
There are many prominent existing ancient structures, such as the Inca masonry walls 
in South America, Pyramids in Egypt, Parthenon in Greece, Aqueduct in Spain and 
temples in India have been built using precisely cut and shaped stones closely fitted 
without mortar (Sowden 1990; Cassaro 2016). These structures are known as 
mortarless or drystack systems; some examples of these structures are shown in Figure 
1.1.  
 
 
Figure 1.1: Historical drystack masonry [Source: Cassaro (2016)] 
 
Drystack masonry is re-emerging with concrete blocks suitable for the modern 
architecture. The drystack masonry has several benefits: 
 Less labour intensive – skilled masons are not required to lay the blocks except 
for the base course with the rest laid by unskilled workers 
 Speedier construction – since no mortar is used the wall can be constructed in 
a short time without waiting for curing of mortar 
 Cost effectiveness – the cost of skilled masons is cut down; faster construction 
also saves the cost 
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Drystacking of blocks also eliminates shrinkage cracking of the mortar joints and the 
mortar-block interfaces typical of the mortared masonry. Despite these benefits, this 
type of masonry system is not very commonly used and is not supported by the national 
design standards. In the design standards the masonry is defined as the units bonded 
with mortar. Mortar provides better seating of the units and accounts for the variability 
in unit heights and unevenness of the bonding surfaces. Any interstices in the block 
surface are concealed within the mortar joints and hence are not considered as a factor 
that affects the construction process. Application of uniform thickness of mortar 
layers, however, requires skilled labour. When mortar is disregarded as in drystack 
masonry, reliance on skilled labour reduces; however, the units would have to be 
manufactured with higher level of precisions of unit heights and surface evenness. 
Projections of hard particles as random interstices can also affect the constructability 
as the contacting interfaces of the units could rock pivoting these interstices and can 
be a safety hazard at site. According to a survey conducted by Sparke (2015) for 
investigating the acceptance of drystack masonry in Australia, drystack masonry is 
being used in the states of Tasmania and Victoria by some builders; however, the 
builders in Queensland are reluctant to use the drystack masonry. The main reasons 
for the rejection of drystack masonry are the unit height variability and contact surface 
unevenness. This thesis therefore examines the structural effect of these uneven 
surfaces containing interstices to the drystack masonry and their mitigation using 
experimental and numerical investigations. 
1.2 Research significance 
Drystack masonry, despite having several advantages, is not widely used. This thesis 
addresses an important problem that inhibits innovation in an engineered but under 
(or, inappropriately) utilised building product - interlocking hollow concrete blocks, 
Dyson (2013). It is estimated that currently by not utilising the interlocking hollow 
concrete block masonry as a structural material, approximately 30MJ of energy is 
wasted for each block. Of the annual production of two million tonnes of concrete 
blocks, approximately 9% (18,000 tonnes – or, 11.25 million) are interlocking blocks; 
therefore, the total wasted energy is approximately 54.6 × 106 MJ/year.  The aim of 
developing an economical and safe structural system by addressing the impediments 
related to drystack interlocking hollow concrete block masonry, therefore, have 
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significant environmental benefits. As such systems are not covered by the current 
national/ international design standards, their full potential could not be realised 
depriving enormous benefits to the society, environment and the industry; some 
benefits include: (1) improved health and safety of construction labour – or, reduced 
fatigue ailment risk, (2) reduction of costs and time of construction projects – or, 
improved productivity, (3) conservation of materials including minimisation of wastes, 
and (4) improved building affordability.  
Based on the results from this thesis, the fundamental definitions of the term ‘masonry’ 
in the international design standards can be reviewed, which can provide pathways for 
innumerable innovations in the Australian and international construction practices.  
1.3 Research aim and objectives 
The aim of this study is to investigate the impediments related to drystack masonry 
under compression and to propose mitigation strategies in order to improve their 
performance. The enabling objectives to achieve this aim are:  
1. Review the available literature on the compressive behaviour of drystack 
masonry to identify knowledge gaps, if any. 
2. Study the contact surface behaviour of drystack interlocking blocks 
experimentally to quantify the problems associated with the surface unevenness 
and to characterise the contact surfaces. 
3. Develop a micro finite element model to validate the contact surface 
characteristics of the drystack blocks under compression determined 
experimentally.  
4. Develop an analytical model to overcome the cumbersome procedure of the 
micro finite element model. 
5. Investigate strategies for reducing the surface unevenness. 
6. Analyse full scale dry stack masonry walls subjected to concentric and eccentric 
compression with the mitigation strategies identified in (5). 
1.4 Scope and limitations 
The scope of this study is to develop strategies for improved response of dry stack 
masonry to compression. Surface unevenness of the contacting interfaces of the 
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interlocking concrete blocks are of particular interest in this thesis. Rendered drystack 
walls are also examined with a view of providing alternate structural system. 
Following are the limitations of the study: 
 Only unreinforced hollow concrete interlocking block masonry are examined 
experimentally  
 Only monotonic compressive loads are considered 
1.5 Thesis structure 
This thesis consists of ten chapters comprising of experimental, numerical and 
analytical studies on the dry joint surface characterisation, compressive behaviour of 
drystack system, mitigation strategies through advanced materials and examination of 
the behaviour of rendered drystack masonry under concentric and eccentric 
compression. Each chapter is briefly summarised below:  
Chapter 2 contains the review of literature on the types of drystack masonry system, 
compressive response of drystack masonry and the influencing factors affecting the 
compressive behaviour of drystack masonry. The available analytical and numerical 
models are also discussed. From the literature, need for characterisation of joint surface 
unevenness and the studies on mitigation strategies have been identified as the 
knowledge gaps.  
Chapter 3 presents experimental studies for characterising joint unevenness through 
measurement of contact area, variation of contact pressure over the surface and joint 
closure characteristics using matrix based tactile sensors and digital image correlation 
technique. The problems associated with the surface unevenness have been identified 
from the high peak contact pressure. 
Chapter 4 consists of a 3D micro finite element modelling technique to validate the 
experimental data obtained from chapter 3. 
Chapter 5 describes the development of an analytical damage model with nonlinear 
progressive stiffening constitutive model for the dry joints to predict the compressive 
strength and the stress-strain response. This model is shown simpler than the 3D micro 
finite element modelling presented in Chapter 4. 
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Chapter 6 contains parametric studies using the developed analytical model presented 
in Chapter 5. The effect of including the nonlinear progressive stiffening constitutive 
law for joints in the analytical model to the compression behaviour of mortared and 
drystack masonry is reported in this chapter. The nonlinear progressive stiffening 
constitutive law for the joints is shown necessary for predicting the behaviour of 
drystack masonry. The predictions are compared with the Australian and the European 
masonry design standard provisions. 
Chapter 7 details two mitigation strategies for reducing the joint unevenness (i) 
grinding the blocks surface (ii) embedding of polyurethane foam, auxetic foam and 
auxetic fabric for reducing the contact pressure. A 3D finite element model of drystack 
prisms and wallettes has been analysed with the embedded materials; the auxetic fabric 
embedment is shown to be an optimal strategy.  
Chapter 8 presents the process of development and characterisation of mortar-auxetic 
foam composites suitable for rendering the drystack masonry walls. 
Chapter 9 reports the details of the finite element analysis of the rendered drystack 
wallettes with and without auxetic layers embedment under concentric and eccentric 
compressive loads. The mortar-auxetic composite render has been shown a viable 
solution to eliminate brittle delamination failure observed in the fibre reinforced 
rendered masonry walls. 
Chapter 10 presents the general and specific conclusions obtained from the 
experimental, numerical and analytical studies on the drystack masonry. This chapter 
also discusses the recommendations for future studies 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Introduction 
This chapter presents a critical review of the past research works on the drystack 
masonry system and identifies research gaps, if any, to develop a research 
methodology for this thesis. Experimental and numerical techniques used in the current 
developments of drystack masonry system are reviewed and presented in this chapter.  
 
2.2 Conventional masonry system  
The conventional masonry system comprises of units (blocks/bricks/stone) and binder 
(mortar). Clay bricks and concrete blocks are the most commonly used masonry units. 
Hollow concrete blocks are also widely used as the recesses could be reinforced and 
filled with grout to enhance the load capacity. Typical brick and hollow concrete 
blocks walling systems are shown in Figure 2.1.  
 
 
Figure 2.1: Conventional masonry system (a) brick masonry (b) hollow concrete 
block masonry 
 
 
2.2.1 Compressive behaviour of conventional masonry 
When masonry is subjected to compression, the bond between the mortar layers and 
the units induces a stress state in which the units experience biaxial lateral tension-
compression whilst the sandwiched mortared layers are under triaxial compression 
 
Brick 
Hollow concrete 
block 
Mortar 
(Head joints) 
Mortar 
(Bed joints) 
(a) (b) 
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(McNary and Abrams, 1985; Zucchini and Lourenco, 2007) as shown schematically 
in Figure 2.2.  
 
 
Figure 2.2: States of stress of masonry units and mortar under uniaxial compression 
The influencing factors that affect the compressive response of the mortared masonry 
have been studied using experimental testing by many researchers; a summary is given 
in Table 2.1. These influencing factors are: 
1. Unit strength (fuc):  the higher the unit strength, higher is the compressive 
strength of masonry. 
2. Mortar strength (fmc): the mortar strength has only a marginal influence on the 
compressive strength of masonry. 
3. Mortar joint thickness (tj): the mortar thickness greatly affects the strength of 
masonry and as the thickness of the mortar reduces the masonry strength 
increases.  
4. Ratio between unit height and joint thickness (Hu/tj): This ratio influences the 
compressive strength of masonry; as the ratio increases the strength of masonry 
increases. 
5. Mortar bedding type: The face shell bedding (application of mortar on the face 
shells only) is shown to decrease the strength in comparison to full bedding 
(application of mortar on the full contact surface). In spite of this, since 
mortaring web shells is time consuming, face shell bedded masonry is widely 
used. 
 
P 
P 
Unit under biaxial 
tension-compression 
Mortar under 
triaxial compression 
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Table 2.1: Summary of conventional masonry compression tests from literature 
 
 
 
2.2.2 Design standards for compressive strength of conventional masonry 
Compressive strength is the most important parameter for structural design. Most of 
the design standards suggest empirical formulations and/ or a table of masonry strength 
based on the unit strength and type of mortar used, as in the Standards Australia 
(AS3700-2011); the American Concrete Institute Code (ACI 530-2005) and the 
Joint 
Thickness 
(tj)
Hu/tj
Mean Unit 
strength 
(f uc)
Mean Mortar 
strength (f mc)
Mean 
Masonry 
strength (f m )
(mm)  (MPa)  (MPa)  (MPa)
1
Andolfato et al. (2004) 
(Prisms)
Concrete hollow 
(390×190×190)
Full 10 19.0 7.94 4.90 6.13
2
Andolfato et al. (2004) 
(Prisms)
Concrete hollow 
(390×190×190)
Full 10 19.0 13.38 4.90 10.08
3
Barbosa et al. (2010)    
(Prisms)
Concrete hollow 
(390×200×140)
Full 10 20.0 13.70 9.40 10.20
4
Barbosa et al. (2010)    
(Prisms)
Concrete hollow 
(390×200×140)
Full 10 20.0 15.00 15.50 12.00
5
Barbosa et al. (2010)    
(Prisms)
Concrete hollow 
(390×200×140)
Full 10 20.0 21.80 22.20 16.90
6
Das et al. (2013)               
(Prisms)
Concrete hollow 
(400×200×200)
Face-shell 10 20.0 28.00 21.00 22.30
7
Fortes et al. (2013)   
(Prisms)
Concrete hollow 
(390×200×140)
Face-shell 2 100.0 9.20 6.10 7.40
8
Haach et al. (2014) 
(Wallettes)
Concrete hollow 
(390×190×190)
Full 10 19.0 27.40 3.80 10.70
9
Izquierdo et al. (2012) 
(Prisms)
Concrete hollow 
(390×200×140)
Full 10 20.0 11.16 6.50 7.82
10
Izquierdo et al. (2012) 
(Wallettes)
Concrete hollow 
(390×200×140)
Full 10 20.0 11.16 6.50 4.62
11
Khalaf et al. (1994)         
(Prisms)
Concrete hollow 
(390×190×190)
Full 10 19.0 19.44 7.36 17.80
12
Khalaf et al. (1994)         
(Prisms)
Concrete hollow 
(390×190×190)
Full 10 19.0 19.44 12.32 17.40
13
McNary & Abrams (1985)             
(Prisms)
Solid clay brick 
(194×55×89)
Full 10 5.5 44.00 21.00 34.70
14
McNary & Abrams (1985)             
(Prisms)
Solid clay brick 
(194×55×89)
Full 10 5.5 44.00 31.10 37.70
15
Mohamad et al. (2007)    
(Prisms)
Concrete hollow 
(390×200×140)
Full 10 20.0 18.20 19.90 10.56
16
Ramamurthy et al.. (2000)                   
(Prisms)
Concrete hollow 
(390×200×190)
Full 10 20.0 19.75 4.27 14.11
17
Ramamurthy et al.. (2000)                   
(Prisms)
Concrete hollow 
(390×200×190)
Full 10 20.0 13.48 4.27 11.00
18
Ramamurthy et al.. (2000)                   
(Prisms)
Concrete hollow 
(390×200×190)
Full 10 19.0 6.74 4.27 6.43
19
Thamboo et al. (2013)               
(Prisms)
Concrete hollow 
(390×90×90)
Face-shell 10 9.0 12.47 3.59 6.94
20
Thamboo et al. (2013)               
(Prisms)
Concrete hollow 
(390×90×90)
Face-shell 4 22.5 12.47 3.59 8.29
21
Thamboo et al. (2013)               
(Prisms)
Concrete hollow 
(390×90×90)
Face-shell 2 45.0 12.47 3.59 9.15
Bedding 
type
Reference & Specimen 
Type
Unit type 
(L×Hu×T)
#
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Eurocode (BS EN 1996-1-1:2005; BSI, 2005). The second accepted method in these 
standards is experimental testing of stack bonded prisms/stretcher bonded wallettes 
under uniaxial compression.  
AS3700-2011 considers the unit strength, mortar type, bedding type and height of unit 
to joint thickness ratio for computing the compressive strength of masonry. Eq. (2.1) 
is shown from Section 3.3.2 of AS3700-2011 that can be used to find the characteristic 
strength of masonry. 
    mbhm fKf                (2.1) 
Where, mf  is the characteristic compressive strength of masonry 
hK is the joint thickness factor from Table 3.2, AS3700-2011 and 
ucmmb fkf               (2.2) 
In which, 
mK is compressive strength factor from Table 3.1, AS3700-2011 
ucf  is characteristic unconfined compressive strength of units in MPa 
Eurocode 6 (EC06) also considers the perforation ratio for computing the masonry 
strength in addition to other factors. Eq. 2.3 from Section 3.6.1.2 of Eurocode 6 can be 
used to determine the characteristics strength of masonry under compression made 
with general purpose mortar and lightweight mortar. 
    3.07.0
mbk fKff               (2.3) 
Where, 
kf is characteristic strength of masonry 
bf is normalised mean strength of units 
mf is compressive strength of mortar 
K is a constant according to Table 3.3, EC06 
The normalised mean compressive strength bf is required to be determined according 
to EN 772-1. (see Appendix A of this thesis for more details). 
The specifications for different types of masonry including clay brick masonry, hollow 
and solid block masonry, and thin bed masonry are present in these design standards. 
However, drystack masonry is not covered in any of these standards. Hence, the 
drystack masonry cannot be designed using these standards. 
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2.3 Drystack masonry system 
It is a masonry system with blocks that interlock through tongues and grooves to 
provide levelling and alignment without mortar. This system resists the external forces 
through the interlocking mechanisms of shear keys. This masonry type is captivating 
the interest of the construction industry for being less labour intensive, cost effective 
and more time efficient (Anand and Ramamurthy 2000; 2003; Thanoon et al, 2004). 
Drystacking would also eliminate the shrinkage cracking issue in the masonry walls 
(Beall, 2000). All of these benefits translate into greater economy while satisfying 
structural requirement. A typical interlocking walling system is shown in Figure 2.3. 
 
 
 
Figure 2.3: Drystack masonry system  
 
2.3.1 Types of drystack masonry system 
Drystack masonry can achieve integrity in two ways: surface rendered, and grouted 
(Mancini et al, 1989; Ramamurthy and Nambiar, 2004). Classification of drystack 
masonry system as per these applications is shown in Figure 2.4. As described in the 
figure for resisting in-plane, out-of-plane and eccentric compression loads, surface 
rendered drystack walling system or grouted drystack walling system are preferable.  
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Figure 2.4: Classification of drystack masonry system 
2.3.2 Types of drystack interlocking blocks 
Many types of drystack interlocking blocks have been developed and tested around the 
world for better efficiency in terms of interlocking, strength and ease of construction. 
Two broad categories are solid and hollow interlocking drystack masonry systems. 
Solid blocks with interlocking arrangements are suitable for both reinforced and 
unreinforced masonry systems depending on the perforation provided. Some solid 
interlocking blocks from the literature (Ali et al, 2012; Dyskin et al, 2012; Liu et al, 
2016; Palios et al, 2017) are shown in Figure 2.5.  
 
Figure 2.5: Types of solid interlocking drystack blocks (a) Ali et al, (2012)  
(b) Dyskin et al, (2012) (c) Liu et al, (2016) (d) Palios et al, (2017) 
 
(a) (b) 
(c) 
(d) 
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Other groups comprise of hollow concrete interlocking blocks to incorporate 
reinforcement and grout uses various types of interlocking mechanism. Some major 
types are shown in Figure 2.6. These types are briefly described here; for more details 
see Beall, (2000); Ramamurthy and Nambiar, (2004). These types are:  
1. Interlocking blocks with single face shell: Complex shaped blocks that interlock 
through geometry and stacking pattern. (Sparblock system by Hines, 1993; 
Drysdale and Guo, 1995; HilBlock by Anand and Ramamurthy, 2005).  
2. Dovetail design to interlock blocks end to end: Dovetail lugs with sharp or 
rounded corners on head joint are provided for a tight fit. (Whelan block by 
Whelan, 1985; WHD system by Glitza, 1991).  
3. Projecting nibs/lugs in the bed joint: Lugs or nibs projecting above webs to 
provide interlocking and control of positioning.  (Etherington system by 
Etherington, 1983; Haener system by Drysdale and Gazzola, 1991; Azar block, 
1998). 
4. Interlocking with tongue and groove arrangement: Grooved face shells on both 
the head and bed joints with completely self-aligning cores or combination of 
grooves for head joints interlock and lugs for bed joint interlock. (Modified H-
Block by Harris et al, 1992; McIBS Inc. by Oh, 1994; Putra Block by Thanoon 
et al, 2004; Versaloc Block, 2009).  
 
Figure 2.6: Types of drystack interlocking hollow blocks  
(a) Hilblock (Anand and Ramamurthy, 2005) (b) WHD system (Glitza, 1991)  
(c) Azar Block (1998) (d) Versaloc Block (2009) 
 
(b) 
(c) (d) 
(a) 
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Table 2.2 summarises different drystack blocks developed in various countries. 
The acceptance of the drystack masonry system is highly dependent on the 
quality of blocks. Hollow concrete interlocking blocks have been shown to have 
higher finished product with higher quality, strength and durability. For 
example, Azar block (1998), Haener block system (1991), Hilblock system 
(2005) and Versaloc block (2009). Conversely, the interlocking compressed 
earthen blocks (ICEB) developed by Hydraform building system for low cost 
housing schemes in Nigeria have shown problems of cracking and seepage 
because of low quality of the blocks and rough finish. This concludes that the 
material and method of construction of the blocks plays important role in the 
durability and the load bearing capacity of the drystack masonry systems. 
 
Table 2.2: Summary of different drystack masonry systems used in various countries 
Country Drystack system Block Material Reference  
Australia Versaloc Concrete (Hollow) Versaloc Brochure (2009) 
Baker Concrete (Solid) Ramamurty & Nambiar (2004) 
Canada Haener Concrete (Hollow) Dysdale & Gazzola (1991) 
Azar Concrete (Hollow) Azar Brochure (1998) 
Sparlock Concrete (Hollow) Ramamurty & Nambiar (2004) 
Germany KLB Concrete (Solid, light 
weight) 
Ramamurty & Nambiar (2004) 
Sinusat Concrete (Hollow) Ramamurty & Nambiar (2004) 
India Hilblock Concrete (Hollow) Ramamurty & Nambiar (2004) 
Peru Mecano Sand-lime (Hollow) Gallegos (1988) 
New Zealand Formblock Concrete (Hollow) Ingham et al, (2006) 
Esibloc Concrete (Hollow) Esibloc brochure (2009) 
Nigeria Hydraform Stabilised soil (Hollow) Adedeji (2012) 
South Africa Linkbloc Concrete (Hollow) Linkbloc Brochure (1996) 
Thailand Etherington Concrete (Hollow) Etherington (1983) 
Soil cement block Soil-cement (Hollow) Ramamurty & Nambiar (2004) 
UK Stepoc Concrete (Hollow) Ramamurty & Nambiar (2004) 
USA McIBS Concrete (Hollow) Oh (1994) 
WHD Concrete (Hollow) Glitza, (1991) 
Whelan Concrete (Hollow) Whelan, (1985) 
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2.4 The behaviour of drystack masonry under compression 
Drystack masonry behaviour is affected by the presence of unevenness of the contact 
surfaces. The contact surface (interface) between the interlocking blocks without 
mortar is termed as the ‘dry joint’ in this thesis. The geometric imperfections (random 
interstices) cause unevenness of the contact interacting surfaces which result in gaps 
between the contacting interfaces of the blocks. When these blocks are subjected to 
compressive loads, the gaps progressively close. Figure 2.7 shows drystack masonry 
under compression. The surface unevenness prevents the conformal contact between 
the contacting interfaces of the blocks. The geometric imperfection and the gap 
between the blocks are shown in an enlarged scale in Figure 2.7. The gradual closing 
of the gap between the blocks is responsible for a nonlinear progressive stiffening of 
the interface. The nonlinearity in the stress-strain response vanishes when the blocks 
attain conformal contact. The factors that influence the compressive response of 
drystack masonry are discussed in the forthcoming section. 
 
Figure 2.7: Drystack masonry under uniaxial compression 
 
2.5 Factors influencing the compressive behaviour of drystack masonry 
Compressive behaviour of drystack masonry is affected by the interlocking systems, 
the contact surface unevenness, slenderness of the wall and the eccentricity in the 
loading. Following sections describe the influence of the above parameters to the 
compressive behaviour of drystack masonry. 
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2.5.1 Interlocking system 
The comparison of different interlocking systems for structural performance of the 
drystack masonry was studied by some researchers. Oh (1994), Beall (2000) and 
Ramamurthy and Nambiar (2004) studied that to increase the structural efficiency of 
the interlocking system following considerations are necessary: 
1. Interlocking system (protrusions and grooves) should be geometrically simple and 
unnecessarily intricate configuration should be avoided with limited number of 
basic block shapes. 
2. Interlocking keys should be provided in both horizontal and vertical directions 
with discontinuity of bed joint and perpend joint from inner to outer faces. 
3. Web shells of successive layers should align fully for ease of providing reinforcing 
bars. 
4. Location of interlocking keys should be considered carefully for ease of 
reparability after cracking.  
Figure 2.8 shows the comparison between two types of interlocking arrangements 
adopted by Jaafar et al, (2006) and Anand and Ramamurthy (2005). Jaafar et al. (2006) 
developed a correlation between the strength of single block, prism and wall 
manufactured with ‘projecting lug type of interlocking system’ (see Figure 2.8a). 
 
Figure 2.8: Interlocking arrangement (a) Projecting lugs interlocking by Jaafar et al, 
(2006) (b) Geometrical web shell interlocking by Anand and Ramamurthy (2005) 
 
The ratio of the prism strength to the single unit strength is termed as efficiency ratio 
of the masonry as shown in Eq. (2.4).  
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑃𝑟𝑖𝑠𝑚 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ
𝑈𝑛𝑖𝑡 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ
             (2.4) 
 
Interlocking key 
(projecting lug on 
web shell) 
Interlocking key 
(Geometrical web 
shell interlocking) 
(a) (b) 
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Jaafar et al, (2006) determined that the efficiency of the masonry prism was about 50% 
and the strength of the masonry wallette was only 40%. On the other hand, Anand and 
Ramamurthy (2005) with ‘single face shell geometrical interlocking system’ (as 
shown in Figure 2.8b) achieved a higher efficiency of 63% for their prisms. However, 
this difference of efficiency between the two interlocking systems can also be 
attributed to the level of geometrical imperfection and surface unevenness of the 
blocks. It can be concluded from the reported literature that the compressive behaviour 
of drystack interlocking masonry can be affected by the type of interlocking 
arrangement, geometry, and size of the interlocking keys. 
2.5.2 Contact surface unevenness 
The existence of the geometric imperfection at the contact surface of the dry joint is 
an important influencing factor that affects the compressive behaviour of drystack 
masonry. The strength achievable by the drystack hollow masonry depends on the 
surface unevenness of the bed joint. The strength of drystack prisms and wallettes can 
ideally attain maximum stress closer to the material strength of the units with securely 
seated mortarless joints. However, reduced stiffness and strength was observed due to 
the geometric imperfection or unevenness in the experiments of Oh (1994). 
Marzahn and Konig (2002) examined the flattening process of the dry joint by placing 
a sheet of carbon paper in between the two drystack blocks. They visually inspected 
the carbon paper impressions for lower and higher loads. In spite of its simplicity, it 
was determined that under lower load only 60% to 80% joint surface was in contact 
and as the load increased, the contact area increased beyond 90%. They also concluded 
that most of the deformations were dry joint related as shown in Figure 2.9.  
 
Figure 2.9: Deformation of dry bed joint with increasing load (a) prism with uneven 
contact before loading (b) deformation due to interstices collapse under loads 
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Under zero load, total height of the two course prism was ‘h’ with the interstices and 
unevenness in the contact as shown in large scale in Figure 2.9(a). When the 
compressive load was applied, the interstices collapsed and the gap size reduced. The 
deformation ‘’ (strain times original height ‘h’) was mainly caused due to crushing 
of the interstices on the contact interface (Figure 2.9b). Interstices collapse is a 
function of the local strength; if the interstices are high strength coarse aggregates 
surrounded by well compacted cement matrix, they may continue to resist much higher 
stresses without collapse. Such a behaviour was determined in the blocks tested as part 
of this research; further details are included in Chapter 3. 
 
Ayed et al, (2016) employed a similar strategy of estimating the contact area of dry 
surface of earthen interlocking blocks using carbon paper impression. Carbon paper 
impressions were analysed using a MATLAB algorithm. They measured that initially 
only 20% of the interface area was in contact and with the increase in loads contact 
area increased to 65% - 75%.   
 
Gasser et al, (2004), Jaafar et al, (2006) and Andreev et al, (2012) experimentally 
characterised the dry joint closure deformation under compressive loads. They 
concluded that the joint closure deformation versus axial stress relationship was 
nonlinear with a very low stiffness until the joints fully closed. The contact surface 
unevenness was noted as the main factor that influenced the stress-strain response of 
the drystack masonry. 
Table 2.3 summarises the research conducted to date on the characterisation of contact 
surface unevenness of the drystack blocks. It can be seen that carbon paper imaging 
technique used for measuring the contact area was not very precise and accurate. Thus, 
other reliable method is required for contact area and pressure measurement. The joint 
closure deformation with average stress is available for refractory lining bricks. Only 
one study was available for hollow concrete blocks. This research contains testing of 
hollow concrete blocks for surface characterisation using advanced sensors. 
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Table 2.3: Contact surface unevenness characterisation from literature survey 
No. Reference Test method Unit type Finding 
1 Marzahn 
and Konig 
(2002) 
Visual inspection of 
carbon paper 
impression  
Solid calcium 
silicate blocks 
and autoclaved 
aerated concrete 
blocks   
60% contact area 
at lower load and 
90% contact at a 
higher load 
2 Gasser et 
al, (2004) 
Joint closure 
measurement using 
digital image 
correlation (DIC) 
Refractory lining 
solid magnesia 
carbon bricks 
Gap between the 
blocks = 0.11 mm  
3 Jaafar et al, 
(2006) 
Interface closure 
measurement using 
mechanical gauge 
Demec points 
Hollow concrete 
blocks 
Joint closed at = 
0.15 mm 
displacement, 
corresponding 
stress = 4 MPa 
4 Andreev et 
al, (2012) 
Joint closure 
measurement using 
digital image 
correlation (DIC) 
Refractory lining 
solid magnesia 
carbon bricks 
Joint closed at = 
0.12 mm 
displacement, 
corresponding 
stress = 4.5 MPa 
5 Ayed et al, 
(2016) 
Measurement of black 
pixels of carbon paper 
impressions using 
MATLAB algorithm 
Solid 
interlocking 
stabilised earth 
blocks 
20% area in 
contact at zero 
load, max. contact 
50% area at 40kN 
load 
  
2.5.3 Slenderness 
It is well known that the slenderness affects the compressive load capacity of the 
masonry; increase in the slenderness reduces the compressive strength of masonry. 
However, the influence of this parameter on compressive behaviour of drystack 
masonry has not been studied in detail. Jaafar et al. (2006) developed a correlation 
between the strength of single concrete hollow block, prism and wall. They determined 
that the strength of the masonry prism was about 50% of the single block strength and 
the strength of masonry wallette was only about 40% of the strength of the single unit. 
This reduction can be attributed to many factors including height to thickness ratio 
(slenderness), presence of perpend joints and the contact surface unevenness of the 
specimens.  
The influence of slenderness on the compressive strength of mortared hollow concrete 
block masonry has been studied by many researchers (e.g. Maurenbrecher, 1980; 
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Fahmy and Ghoneim 1995; Khalaf, 1996; Das et al, 2013). Khalaf (1996) determined 
that reduction of strength was 30% when height to thickness ratio (slenderness ratio) 
of the specimens changed from 3 to 6. Das et al, (2013) tested two course high, three 
course high, four course high and five course high mortared hollow concrete block 
prisms and observed that the strength reduced to 23% when slenderness ratio increased 
from 2 to 5. Figure 2.10 shows the variation of compressive strength of tested prisms 
for changing slenderness ratio as determined by Das et al, (2013). From these 
observations it can be concluded that the compressive response of drystack would also 
be affected by the slenderness. 
 
Figure 2.10: Variation of masonry strength with slenderness ratio  
2.5.4 Load eccentricity 
Eccentricity is unavoidable in compression. Drystack masonry under eccentric 
compression loads was tested by Anand and Ramamurthy (2005), Ferozkhan (2005) 
and Thanoon et al, (2007).  It is well known that the increase in eccentricity (e) reduces 
the compressive load capacity. Ferozkhan (2005) reported that the prisms failed due 
to combination of web splitting and face-shell spalling for lower eccentricity, while 
web splitting was replaced by tilting of prism for higher load eccentricity as shown in 
Figure 2.11. Thanoon et al. (2007) obtained similar results with decreased load 
capacity and alteration of the failure pattern for eccentric compressive loads applied to 
the drystack masonry wallettes.  
Table 2.4 summarises the findings from the literature. It can be observed that the 
drystack prisms tests with strength measurements and failure modes are available in 
the literature. However, there is only one study for the wallette test which was 
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conducted on the un-rendered drystack walls. The drystack walls require rendering to 
resist the eccentric loads safely. There is a need to study the behaviour of rendered 
drystack wallettes under eccentric compression. In this research such a study was 
carried out using finite element analysis and reported in Chapter 9. 
 
Figure 2.11: Failure of eccentrically loaded prisms (a) Web splitting and face shell 
spalling for e = t/3 (b) Tilting and face shell spalling for e = 5t/12 (Ferozkhan; 2005) 
 
Table 2.4: Eccentric compression tests from literature survey 
No. Reference Test method Unit type Finding 
1 Anand and 
Ramamurthy 
(2005) 
Un-rendered 3 course 
prisms tested for 
eccentricity = 0, 
thickness (t)/6, thickness 
(t)/3  
Hollow 
concrete 
blocks   
20% strength reduction 
for e = t/6 
46% strength reduction 
for e = t/3 
2 Ferozkhan 
(2005) 
Un-rendered 3 course 
prisms tested for 
eccentricity = 0, t/3, t/6, 
5t/12 
Hollow 
concrete 
blocks    
28% strength reduction 
for e = t/6 
36% strength reduction 
for e = t/3 
67% strength reduction 
for e = 5t/12 
3 Thanoon et 
al, (2007) 
Un-rendered 15 course 
wallette tested for 
eccentricity = 0, 20, 40, 
55 mm 
Hollow 
concrete 
blocks 
4% strength reduction 
for e = 20mm 
14% strength reduction 
for e = 40mm 
24% strength reduction 
for e = 55mm 
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2.6 In-plane behaviour of drystack masonry 
The behaviour of drystack masonry subjected to in-plane shear was studied by 
Lourenco et al, (2005); Safiee et al, (2011); Lin et al, (2015) and Silva et al, (2015). 
Lourenco et al, (2005) studied the behaviour of dry joint stone masonry wall and Safiee 
et al, (2011) tested the hollow concrete interlocking block wall under combined shear-
compression. Increased applied vertical compressive load resulted in increased in-
plane shear capacity. They observed rocking failure mechanism for low pre-
compression loads; whilst for high compression loads failure due to diagonal cracking 
including crack width opening of the joints in the diagonal direction was recorded.  
 
Lin et al, (2015) tested drystack brick prisms under combined in-plane shear and 
compression. A considerable increase of the frictional coefficient between the brick 
surfaces was observed when the normal stress was increased as shown in Figure 2.12. 
Similar results have been reported by Silva et al, (2015) for drystack compressed earth 
block prisms under combined shear-compression loading. 
 
Figure 2.12: variation of friction coefficient with pre-compression load 
The general conclusions from these studies on in-plane shear tests can be summarised 
as follows: 
1. Higher the pre-compression, higher the shear capacity of the prisms and the 
wallettes. 
2. Linear relationship exists between the pre-compression load and the shear 
strength. 
3. The mode of failure of the drystack masonry changes from rocking to diagonal 
cracking when pre-compression load is increased. 
Chapter 2 Page 22 
 
4. The coefficient of friction between the drystack unit surfaces increases with the 
increase in pre-compression load. 
5. The shear behaviour of dry surface joints depends on the existence of interstices 
and the level of unevenness.  
From the test results reported in the literature, it is clear that the dry joint surface 
unevenness affect the shear capacity and failure mode of the drystack masonry. The 
gap between the units is larger under low compressive loads due to surface unevenness 
which promotes pre-mature rocking failure, low shear strength and low friction 
coefficient.  
2.7 Out-of-plane behaviour of drystack masonry 
Drystack wallettes have been tested under out-of-plane loads by Anand and 
Ramamurty (2005); Ferozkhan (2005); Zuccarello et al, (2009) and Safiee et al, 
(2011). Anand and Ramamurthy (2005) tested drystack wallettes with and without 
surface rendering under out-of-plane flexure. The rendered walls performed better 
with larger ultimate flexural strength in comparison to the un-rendered drystack 
wallettes.  Ferozkhan (2005) tested drystack wall panels plastered with fibre reinforced 
cement composite (FRCC) render  and observed that the failure occurred by opening 
of the bed joint at about mid height of the wall at tension face  as shown in Figure 2.13. 
However, the rendering prohibited the brittle failure and the blocks remained attached 
to the FRCC render without delamination. 
 
 
Figure 2.13: Failure mode of surface rendered drystack walls (Ferozkhan, 2005) 
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Zuccarello et al, (2009) carried out tests on the un-rendered drystack brick wallettes 
subjected to out-of-plane loads in the presence of pre-compression vertical load. They 
reported that with the increase in compression loads, flexural strength of the walls 
increased and the failure was delayed due to increased contact between the dry joints. 
The variation of out-of-plane horizontal collapse load versus pre-compression load is 
shown in Figure 2.14. Safiee et al. (2011) conducted tests on the drystack wallettes 
with pre-compressive load. Pre-compressive force resisted the opening of the bed joint 
at tension face and thus the failure was delayed.  
The main conclusions from these studies are reported below: 
1. Under out-of-plane flexure un-rendered drystack masonry fails in a brittle manner 
through slippage of the blocks and opening of the bed (horizontal joints). 
2. The interlocking shear keys decrease the slippage of the blocks during bending. 
3. The pre-compression force delays the failure of the un-rendered drystack walls 
during out-of-plane bending by keeping a close contact between the dry joints. 
4. The rendered drystack walls perform similar to the conventional mortared 
masonry walls under out-of-plane loads. The rendering prevents brittle collapse 
of the walls and failure occurs by a single crack in the middle of the wall. 
These studies from the literature implied that the dry joints of the drystack masonry 
opens up and causes slippage of the blocks under out-of-plane loading. The out-of-
plane bending capacity of the drystack wallettes could be increased by rendering and 
brittle failure could be avoided. Rendered drystack masonry behaviour under out-of-
plane loading is shown similar to that of the conventional mortared masonry walls. 
 
Figure 2.14: variation of out-of-plane horizontal collapse load with pre-compression 
load  
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2.8 Analytical models of drystack masonry 
Only few research papers are available on the analytical modelling of dry stack 
masonry. The available research works are summarised in Table 2.5.  
 
Table 2.5: Analytical models of drystack masonry from literature survey 
No. Reference Unit type Type of analytical model 
1 Ferozkhan 
(2005) 
Hollow concrete 
blocks   
Analytical equations for out-of-plane 
bending capacity of walls 
2 Pave and 
Uzoegbo-Fims 
(2013) 
Interlocking 
compressed earth 
block 
Empirical relations for compressive 
strength prediction 
3 Casapulla and 
Portioli (2015) 
Solid tuff blocks    Analytical relations for failure criteria 
under pure shear, torsion, combined 
shear-torsion-bending 
4 Sturm et al. 
(2015) 
Interlocking 
compressed earth 
block 
Empirical relations for compressive 
strength and elasticity modulus 
computation 
 
Pave and Uzoegbo-Fims (2013) proposed test method for compressive strength of 
stabilised interlocking compressed earth block masonry and developed empirical 
relations to compute the compressive strength of drystack masonry.  Casapulla and 
Portioli (2015) investigated the frictional contact behaviour of drystack tuff blocks 
assemblages. Based on their experimental results, analytical formulations were 
developed for yield criteria of dry contact joints under pure shear, pure torsion and 
combined shear-torsion-bending moment. The friction coefficient was computed from 
the experimental data of the pure shear test. Table 2.6 shows the computed interface 
properties for simulating the dry joint interface in the finite element modelling. 
 
Table 2.6: Properties of dry interface 
(Casapulla and Portioli, 2015) 
Property Magnitude 
Friction coefficient 0.65 
Pure shear strength 0.022 MPa 
Pure torsion strength 0.015 MPa 
 
Figure 2.15 shows the forces on the dry joint interface and the yield failure surface in 
pure shear. The shear failure of the dry interface was proposed using cohesion-less 
Coulomb’s law, piecewise linearized with eight (8) hyperplanes as shown in Figure 
2.15(b). Eq. (2.5) defines the yield surface (Figure 2.15b) for shear failure.  
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In which, k= hyperplane number = 1,2,…..,8 
V1 = Shear force in direction 1 
V2 = Shear force in direction 2 
  = Friction coefficient 
N = Normal force 
 
Figure 2.15: Interface failure criteria (a) Forces on the interface (b) Piecewise linear 
yield surfaces for pure shear 
 
 
Sturm et al, (2015) conducted extensive experimental research on drystack 
interlocking compressed earth blocks. Based on their experimental results, they 
proposed empirical equations to compute the compressive strength and elasticity 
modulus of the compressed earth masonry wallettes using the strength of single block 
or prism strength. Table 2.7 lists these empirical relations proposed by Strum et al, 
(2015). 
Table 2.7: Proposed relations for properties of interlocking compressed 
earth masonry wallette (Strum et al, 2015) 
Property Relationship 
Compressive strength of wallette, fm fm = 0.2 fb or fm = 0.6 fmp 
Elasticity modulus of wallette, Em Em = 200 fm  
Where, fb  = Compressive strength of single block 
            fmp = Compressive strength of prism 
 
Ferozkhan (2005) developed analytical relations for predicting the load-deflection 
behaviour and for computing the effective bending stiffness of the wallettes under out-
of-plane loading. The predicted results matched well with the experimental results. 
 
N 
V1 
V2 
Drystack block 
Dry joint 
interface 
Linearized 8 hyperplanes 
yield surface 
(a) (b) 
1 
2 
3 
Chapter 2 Page 26 
 
Based on the literature findings, it is concluded that for the development of analytical 
models of drystack masonry, contact surface behaviour is necessary. Therefore, 
analytical model with nonlinear progressive stiffening constitutive law for contact 
surfaces to predict the compressive strength and compressive stress-strain behaviour 
of drystack prisms would be useful for design and analysis purpose. 
 
2.9 Numerical models of drystack masonry 
Numerical models offer an effective way to analyse small scale (block/prism) and large 
scale (wall) masonry specimens. Several numerical models are available in the 
literature for dry stone masonry, mortarless solid refractory lining bricks, solid 
drystack brick masonry and hollow concrete interlocking block masonry. 
 
2.9.1 Models for compressive behaviour 
Nguyen et al, (2009) and Rekik et al, (2015) used mechanical homogenisation 
technique to model the response of solid dry stacked refractory lining brick masonry. 
They characterised the dry joints under compression using digital image correlation 
method (DIC). The secant linearization scheme was then used to develop a convex 
power law for the nonlinear progressive stiffening behaviour of the dry joints. Finite 
element analysis was then performed with the developed dry joints model for drystack 
masonry panels under uniaxial and biaxial compression; these models were validated 
against the experimental results.  
Thanoon et al, (2008) developed a FE model to trace the behaviour of interlocking 
drystack concrete masonry prisms under uniaxial compression. They proposed a 
mathematical relation to compute the nonlinear progressive stiffening behaviour of dry 
joints under compression.  Mohr–Coulomb criterion was used for interface failure and 
the behaviour of drystack prisms was predicted. The numerical results were shown to 
compare well with the experimental response. 
2.9.2 Models for out-of-plane bending behaviour 
Zuccarello et al. (2009) developed a FE limit analysis to model the out-of-plane lateral 
load response of the un-rendered brick panels.  They used micro-modelling approach 
at cell level to develop the failure criteria for interfaces under out-of-plane moments 
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and shear. The developed failure model of the interfaces was then used in the numerical 
homogenisation of the drystack brick wallettes and validated against the experimental 
collapse load they observed from the out-of-plane loading tests. 
Hollow concrete drystack masonry panels were modelled by Safiee et al. (2011) under 
out-of-plane bending with pre-compressive loads. The behaviour of the dry joint 
interfaces and drystack units was simulated using the model proposed by Thanoon et 
al, (2008). The increase in the slenderness ratio was shown to decrease the moment 
capacity of the walls considerably.  
2.9.3 Observations 
The observations from the review of numerical models of drystack masonry are: 
1. Micro-modelling approach is useful to simulate the dry joint behaviour. 
2. The nonlinear progressive stiffening behaviour of the dry surface interfaces under 
compression can be modelled using mathematical power law relations.  
3. The failure of dry surface interface can be modelled using plasticity failure 
surfaces e.g. Mohr-Coulomb failure criteria with zero cohesion and tension. 
4. Experimental data are required to calibrate the model parameters to simulate the 
compressive behaviour and failure criteria of the dry joints. 
The characterisation of the contact surface behaviour of the drystack masonry is thus 
essential for numerical modelling of the dry joints.   
  
2.10 Review of auxetic materials 
This review has been presented with a view to use auxetic materials in the proposed 
mitigation strategies for dry surface unevenness. It is well known that mortar layers 
between block surfaces induce lateral tension to the blocks which is shown to be the 
major reason for the prism strength being much lower than the strength of units. 
Tension in mortar is largely attributed to its high positive Poisson’s ratio (greater than 
that of the units). If a layer of negative Poisson’s ratio (NPR) material could be used 
between the surfaces of the blocks, perhaps, a much improved compression response 
of masonry could be realised. With this view, NPR materials are trialled in this 
research (see Chapters 7, 8 and 9). This section reviews the state of the art of the NPR 
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materials. The materials which exhibits negative Poisson’s ratio (NPR) are called 
‘Auxetic materials’.  Auxetics are increasingly used in automobile and biomedical 
engineering (Martz et al, 2005; Liu et al, 2010; Hou et al, 2015) – their use in civil 
engineering is emerging (Subramani et al, 2014; Dhanasekar et al, 2015; Imbalzano et 
al, 2016).  
2.10.1 Behaviour of auxetic materials 
Auxetic materials exhibit negative Poisson’s ratio (NPR) which means they compress 
laterally under the applied longitudinal compression (Chan and Evans, 1997). Positive 
Poisson’s ratio materials (conventional materials) have a microstructure geometry that 
expands in lateral direction when compressed longitudinally as shown in Figure 
2.16(a). Conversely, the negative Poisson’s ratio materials (auxetic materials) have a 
're-entrant' microstructure geometry as shown in Figure 2.16(b). Because of this type 
of microstructure the auxetic materials compress laterally when compression is applied 
longitudinally and vice versa.  
 
Figure 2.16: Microstructure of auxetic materials (a) Positive Poisson’s ratio material 
under compression (b) Negative Poisson’s ratio material under compression 
 
The auxetic materials could be developed in several ways: 
1. Conversion of conventional polyurethane foam by heating in a compressed form 
into an auxetic foam – the heating and compression of polyurethane foam cause 
ribs of the foam cells to collapse and convert into a re-entrant geometry with 
auxetic behaviour (Lakes, 1987; Chan and Evans, 1997; Grima et al, 2006; Strek, 
2010). 
 
Compression 
Contraction 
Compression 
Expansion 
(b) (a) 
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2. Development of auxetic yarn using two high strength conventional fibres in 
helical arrangement – The fibres are weaved in a manner that the final product 
possess auxetic properties (Sloan et al, 2011). 
3. Development of auxetic textile fabrics with fibres woven to make a re-entrant 
structure – the woven fabric with re-entrant geometry exhibits auxetic properties 
(Liu et al, 2010).  
4. Manufacturing of auxetic reinforcement mesh having a re-entrant geometry 
manufactured with braided fibreglass rods – the fibreglass cores are braided using  
polyester filaments to make composite rods which are then used to make auxetic 
reinforcement mesh by joining together in a re-entrant geometrical shape. 
(Subramani et al, 2014).  
Auxetic materials have numerous benefits in comparison to conventional materials: 
1. Enhanced shear resistance 
2. High indentation resistance 
3. Higher fracture toughness 
4. Better vibration damping  
The most common form of auxetic materials in use is auxetic foam. The auxetic foams 
have been shown to have Poisson’s ratio varied from -0.2 to -1.0. This property offered 
better indentation and shear resistance and damping properties in comparison to 
conventional foams (Bezazi and Scarpa, 2007). These foams are being used for sports 
safety (Allen et al, 2015), biomedical applications (Martz et al, 2005) and automobile 
crash applications (Hou et al, 2015).  
The auxetic textile fabrics are being used for medical applications for better 
compression bandages (Liu et al, 2010). Auxetic yarn developed by Sloan et al, (2011) 
has a tensile strength of about 50 MPa and Poisson’s ratio of -2.7 which is higher than 
the auxetic foam. It has been used to manufacture auxetic fabric which was proposed 
to be used for blast resistance applications.  
The auxetic meshes (shown in Figure 2.17) developed by Subramani et al, (2014) 
exhibited tensile strength of 180 MPa and Poisson’s ratio of -5.0. With these 
extraordinary mechanical properties, they have proposed to use this product as an 
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alternative to fibre reinforcement which is used to manufacture fibre reinforced 
cementitious composites. 
 
 
Figure 2.17: Auxetic meshes developed by Subramani et al, (2014) 
2.10.2 Application of auxetic materials in Civil engineering 
Effectiveness of auxetic materials for crash applications in automobile and biomedical 
engineering applications have been examined experimentally and numerically in 
recent times (Martz et al. 2005; Liu et al. 2010; Hou et al. 2015). However, to date, the 
effectiveness of auxetic materials in civil engineering applications are only limited to 
primarily numerical modelling. For example, Assidi & Ganghoffer (2012) analysed a 
representative volume element (RVE) of a composite made from circular/elliptical 
auxetic inclusions having a lattice topology into an epoxy matrix through a two-steps 
micromechanical approach. The properties of the composites were shown to exhibit 
negative Poisson’s ratio and improved stiffness. Similarly, Pasternak et al, (2016) 
demonstrated that the thermal stresses of a RVE consisting of random cubic auxetic 
inclusions in a conventional isotropic material matrix reduced due to the NPR of the 
auxetic inclusions. 
Dhanasekar et al, (2015) examined auxetic layers embedded masonry using two 
numerical methods: a RVE with periodic boundary conditions under combined in-
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plane shear and axial compression and an explicit finite element modelling method for 
a boundary value problem of a masonry wall with auxetic foam rendered face 
subjected to out-of-plane load. The results showed significant post-yield strain 
hardening under axial compression and in-plane shear; under out of plane flexure, the 
walls containing auxetic render were shown to exhibit exceptionally high out-of-plane 
load capacity. Furthermore, Dhanasekar et al, (2016) analysed masonry walls with 
auxetic foam render under applied velocities in an explicit finite element model. It was 
observed from the results that the auxetic render considerably reduced the stresses in 
the masonry wall.  
Imbalzano et al, (2016) studied the sandwich panels composed of auxetic cellular cores 
and metal facets for blast resistance applications using a finite element method. Their 
auxetic composite panels effectively absorbed double the amount of impulsive energy 
when compared with monolithic panels. 
In this research, conventional foam, auxetic foam and auxetic fabric would be 
characterised for the mechanical properties and then applied to mitigate the dry joint 
unevenness. In addition, auxetic-mortar composites would be developed as an 
alternative render for drystack masonry.  
2.11 Review of digital image correlation (DIC) method 
This research is largely focused on surface characterisation, dry joint closure 
determination and the measurement of NPR values. For these multi-directional strains 
at discrete load levels are essential. The most feasible and economical method of 
capturing multi-directional strains is the non-contact digital image correlation (DIC) 
method. This method is faster in the lab setting although the post-processing of images 
can be time consuming. However as it clears the lab space faster, lab operational 
efficiency increases. This method is used in this research and its state of the art is 
reviewed here. Digital image correlation method is widely accepted for measuring 
surface strains in various laboratory testings (Pan et al, 2009). Images of the loaded 
specimen are acquired using high resolution camera at a required time interval as 
shown in Figure 2.18. For controlling the time interval precisely, a remote system or 
special camera software are used to record the images so that the camera shutter 
remains open throughout the loading. The acquired images are then correlated for 
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surface displacement and strains measurement using digital image correlation (DIC) 
software.  
 
Figure 2.18: Image acquisition system for DIC method 
DIC operates by tracking the texture (i.e. the spatial variation of brightness) between 
two successive images recorded before and after loading as schematised in Figure 2.19. 
The initial image is divided into a mesh of test patches. The coordinates of midpoint 
of each patch on each image in the series are computed by the algorithm (White et al, 
2003). The displaced location of each patch is evaluated from the correlation between 
the patch extracted from image 1 (reference image) and a ‘displaced’ patch from the 
same part of image 2 (deformed image). The accuracy of strains is highly dependent 
on the resolution of the images. The higher resolution results in accurate results. 
 
Figure 2.19: Schematic representation of basic principle of DIC analysis (Zong and 
Dhanasekar 2013) 
 
This operation is repeated for entire mesh of patches created within the reference 
image and then for each image within the series of test to produce complete coordinates 
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of each test patches in the given images. The patch displacements are then used to 
determine the lateral strains )( xx , axial strains )( yy and shear strains )( xy  at the 
intersection points of all patches within the test mesh and for all the images included 
in the analysis using Eq. (2.6) to (2.8). See Figure 2.20 for detail illustration. 
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White et al, (2003) developed a correlation algorithm using MATLAB for computation 
strains of the image series. It was applied to fluid mechanics by Adrian (2005), to 
metals by Gnanamanickam et al, (2009), to masonry by Thamboo et al, (2013) and to 
rail by Zong and Dhanasekar (2013) and Bandula-Heva and Dhanasekar (2014). The 
same algorithm has been employed in this research to measure the joint characteristics 
of drystack masonry (in Chapter 3) and NPR measurement of auxetic materials and 
composites (in Chapters 7 and 8). 
 
 Figure 2.20: Schematic illustration of strains computations from reference 
and deformed images 
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2.12 Summary  
The compressive behaviour and the factors that affect the compressive behaviour of 
drystack masonry have been reviewed. The main factor affecting the performance of 
drystack masonry has been identified as the dry surface unevenness and the presence 
of interstices on the interface which are responsible for: 
 High stress concentration at interfaces 
 Uneven contact and hence low levels of contact area 
 Excessive deformation of the joints due to crushing of interstices 
 Gap between the blocks and hence less friction level and bond which is 
necessary for the load transfer 
 Nonlinear progressive stiffening behaviour of the dry joints under compressive 
loads 
Quantification of the contact surface unevenness to ascertain the contact area, contact 
pressure, gap between the blocks and joint closure stress-strain characteristics is 
important. The data obtained from the testing is essential for numerical validation and 
further analysis of drystack prisms and walls. The knowledge of the mechanics of 
drystack system is necessary to identify the structural and practical problems related 
to drystack masonry. 
Analytical model for prediction of the compressive strength and stress-strain response 
of drystack masonry would be efficient and hence be useful. The compressive strength 
is an important property required for the design of masonry structures. Existing 
analytical models for compressive behaviour are empirical and are applicable to 
interlocking compressed earth block masonry only. 
Research is required for developing the mitigation strategies to reduce the contact 
surface unevenness. Strategies like embedment of packing or filling material have 
never been explored to improve the performance of drystack masonry. This research 
attempts to focus on these strategies. 
Auxetic materials have shown to provide better resistance and protective properties 
because of having negative Poisson’s ratio. Their application to drystack masonry 
could be explored to improve the dry joint unevenness and to provide improved 
rendering options for the walls. 
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CHAPTER 3: EXPERIMENTAL CHARACTERISATION OF 
DRY SURFACE INTERFACE 
3.1 Introduction 
This chapter presents experimental techniques and data of the drystack masonry 
surface properties and interface closure characteristics under compressive loads. 
Matrix based tactile surface sensors (MBTSS, Greve et al, 2013) were employed for 
the first time in masonry research to ascertain the contact pressure and contact area of 
the dry interfaces under uniform compressive loading. MBTSS has shown precise in 
determining the contact area and the contact pressure with the progressively increasing 
compression normal to the interfaces. Carbon paper insertion method was also used to 
check whether it can trace the surface contact area between the blocks loaded in 
compression and the results were compared. Interface closure characteristics were 
studied in these experiments using a non-contact digital image correlation (DIC) 
method. The strain – time history was synchronised with the pressure – time history to 
determine the contact stress-strain curves.  
3.2 Experimental investigation 
The experiments were conducted to determine the contact surface properties and joint 
closure characteristics. The contact area and the contact pressure were determined 
using two matrix based tactile surface sensors (MBTSS) inserted between the two 
symmetrically located face shell contacting surfaces of the masonry units under 
monotonically increasing compressive load applied normal to the contacting surfaces. 
The closure of the dry contacting surfaces was investigated using the non-contact 
digital image correlation method (DIC). 
Hollow concrete interlocking blocks supplied by the local manufacturer were used in 
this investigation. Half and full blocks of gross dimensions 200 mm wide × 200 mm 
high × 190 mm thick and 400 mm wide × 200 mm high × 190 mm thick respectively 
as shown in Figure 3.1 were used. Two course (bi-stacked) prisms were used in the 
experiments. To measure the contact area and contact pressure, tactile sensors were 
inserted between the symmetric face shells of the blocks as shown in Figure 3.2. 
Moreover, bi-stacked prisms (without any sensor) were tested for measurement of joint 
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closure strain. Carbon paper method was also used to examine whether or not it could 
predict similar data as that of the MBTSS thus providing a cheaper alternative. Table 
3.1 shows the summary of the tests conducted for contact surface properties 
measurement. Maximum load in each test was limited to well below the ultimate load 
of the blocks (25×20×200×2 = 200kN – for half blocks and 400kN for full blocks).  
 
 
Figure 3.1: Hollow concrete interlocking blocks (a) Half block (b) Full block 
 
 
 
Figure 3.2: Schematic representation of tactile sensors placed between the blocks 
 
 
 
  
 
(a) (b) 
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Table 3.1: Summary of the tests conducted  
Test Block Type & Size Max. applied Load 
(kN) 
Number 
of Tests 
Contact surface 
area and pressure 
using MBTSS 
Half block 
200 mm × 200 mm × 190 mm 
Load control at 
60kN/min stopped at 
max. load-100 kN 
4 
Contact surface 
area using Carbon 
paper 
Half block 
200 mm × 200 mm × 190 mm 
20 kN 4 
40 kN 4 
60 kN 4 
80 kN 4 
100 kN 4 
Full block 
390 mm × 200 mm × 190 mm 
40 kN 4 
80 kN 4 
120 kN 4 
160 kN 4 
200 kN 4 
Joint closure strains 
using DIC 
Half block 
200 mm × 200 mm × 190 mm 
Displacement control 
1mm/min 
3 
Full block 
390 mm × 200 mm × 190 mm 
Displacement control 
1mm/min 
3 
 
3.2.1 Contact surface properties using MBTSS 
The matrix based tactile surface sensor (MBTSS) equipment is shown in Figure 3.3, 
which contains a handle 'data acquisition electronics', a sensor and a software. Sensors 
come with different shapes and sizes; for this experiment, two sensors each of which 
had dimensions sufficient to cover a face shell (30 mm wide  200 mm long) of the 
concrete half block were selected. I-Scan™ sensor model 6300 having size of 264.2 
mm × 33.5 mm and resolution of 25.8 sensels/cm2 – shown in Figure 3.3 was used. 
This sensor could record a maximum pressure up to 100 MPa. The sensor consists of 
an array of sensels (as shown in Figure 3.4) that record the pressure and the area of 
contact during the test. There were 2288 sensels in each tactile sensor used in the tests.  
 
Figure 3.3: MBTSS system 
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Figure 3.4: Description of I-Scan™ sensor 
 
3.2.1.1 Steps to operate MBTSS system 
The I-Scan™ MBTSS system used in this research requires prescribed steps to record 
and analyse the data. As MBTSS is relatively new to masonry research, experimental 
process is provided in detail here instead of in an appendix. The steps to operate the I-
Scan™ system (I-Scan Manual, 2013) are as follows:  
1. The sensor was inserted into the data acquisition handle. Using I-Scan™ 
software under ‘Available handles’ the correct handle was selected from the 
options Evolution, USB, Super Receiver, or Parallel adapter. Once the handles 
were selected, a real time window opened and by applying pressure the colour 
coded pressure information was displayed on the real time window. 
2. The legend was set using ‘Set Legend’ from the Options pull-down menu 
which placed a raw legend (pressure scale) for the real-time window. The 
legend showed the pressure range that corresponded to each of the 13 possible 
colours on the screen. Before calibration, the pressure readings in the window 
were relative, not absolute; therefore, the pressure units displayed at the top of 
the legend was ‘Raw’. The pressure range was changed to a lower value for 
better calibration with the block type. 
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3. The sensor handle sensitivity was adjusted by selecting ‘Adjust Sensitivity’ 
from the Tools pull-down menu, then choosing one of the Low, Mid, or Hi 
settings (or default). The sensitivity was adjusted to the usable force range of 
the sensor.  
4. The desired measurement units and the number of decimal places for force and 
pressure units were selected using ‘Measurement Units’ from the Options pull-
down. 
5.  ‘Equilibration’ was performed from the Tools pull down menu. Equilibration 
involved applying a uniform pressure to the entire active area of the sensor, 
then the software determined a scale factor for each sensel such that its digital 
output was equal to the average digital output of all loaded sensels. This results 
in the normalisation of all the sensels and compensated for the differences in 
the sensitivity between the sensels due to manufacturing or due to repeated use 
of sensors.  
6. Each sensor was calibrated by selecting ‘Calibration’ from Tools pull down 
menu. Calibration correlated the digital output from the sensels to engineering 
units of force (e.g. Newtons) and pressure (e.g. MPa). The error in calibration 
can lead to error in the measured experimental loads and therefore calibration 
was carried out carefully. The overall system accuracy was generally +/- 10% 
of the full scale. For accuracy, two-point or multi point correlation was needed. 
In this research multi-point correlation was carried out as shown in Figure 3.5. 
 
Figure 3.5: Multi-point calibration  
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7. Following calibration of both the sensors, actual test was performed. The 
calibrated sensors were inserted between the blocks – one on each face shell of 
the block. The assembly was tested using a 300kN INSTRON machine under 
monotonically increasing compressive load as shown in Figure 3.6. The 
specimens were loaded at the loading rate of 60kN/min. The maximum load 
was kept as 100kN to ensure the safety of MBTSS and to avoid any damage to 
the sensors. The movie of the test was recorded using the ‘Record’ option from 
the Movie menu of I-Scan™ software. Figure 3.7 shows the real time windows 
of the movie recording of sensor 1 and sensor 2. Each window displayed the 
contact area with colour contours showing variation of contact pressure on each 
face shell of the drystack blocks. 
 
Figure 3.6: Test setup for surface properties measurement 
 
 
Figure 3.7: Recording of the I-Scan™ movie during actual test 
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8. The contact pressure and area data were acquired from the recorded movie by 
exporting ASCII data from the I-Scan™ software. The contact pressure 
contours and the contact area under the monotonic compressive loads were 
then plotted using the acquired data. The corresponding load data was acquired 
from the INSTRON machine. The applied loads, the contact pressure and the 
contact area from the software were synchronised based on the loading time. 
3.2.1.2 Results and discussion 
The MBTSS system recorded the variation of force, contact pressure and contact area 
in the form of *.fsx movie files. The procedure to save the ASCII data and plotting of 
the graphs from the I-Scan recorded movies is as follows: 
1. For plotting the graph in I-Scan software, ‘Show Panes’ option was selected 
from the Analysis pull down menu and then ‘create new graph’ option was 
selected. By default force vs time graph was plotted for the sensor movie file 
open in the real time window. The graph for different properties were plotted 
by selecting ‘Properties’ options from the Analysis pull down menu as shown 
in Figure 3.8. 
 
 
Figure 3.8: Plotting of the graphs from I-Scan™ software 
 
 
2. The ASCII data of the graphs were saved by selecting the ‘Save ASCII’ from 
the File menu; the sensor numbers and the type of data required on Y- and X-
axis (e.g. contact area, average contact pressure, peak contact pressure, force, 
time) were then selected. From the saved ASCII data, the contact area, average 
contact pressure and peak contact pressure with loading time were plotted. 
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3. The variation of pressure on each sensel of the sensor was saved in the form of 
ASCII data for plotting the pressure contours over the contact surface. By 
selecting the ‘Save ASCII’ option from the File menu and the ‘Frame data’ 
option, the pressure of each sensel in the form of an array for each frame of the 
movie was saved. The data was used to plot the pressure contours (pressure 
distribution) over the contact surface of the drystack face shells.  
The contact area versus loading time plots for the four lab tests are shown in Figure 
3.9. The total contact area was computed by adding the contact area of the two sensors 
(for both face shells) at each load increment. The curves have three (3) distinct phases: 
Phase-1: The initial flat curve which showed negligible contact area in the beginning 
of the loading due to unevenness of the joint contact surface.  
Phase-2: With increase in load, the contact area increased with a steeper slope. This 
rapid increasing phase shows the closing of the gaps and crushing of the interstices on 
the contact surface under high compressive loads. 
Phase-3: Maximum contact area was observed when the slope of the curves became 
zero which shows the complete contact between the drystack blocks. The maximum 
contact area recorded was 85% to 95% of the gross area of the face shells. 
 
Figure 3.9: Surface contact area vs. loading time using MBTSS system 
 
Chapter 3 Page 43 
 
The difference of contact area at different loading increments and the contact pressure 
distribution was displayed in the recorded movie during the test as depicted in Figure 
3.10. It can be observed that at zero load, the contact area was also null, as the load 
increased the contact area increased to about 50% at applied load of 20kN and 
increased to about 80% at the load of 80kN. In addition, it was observed that the 
contact pressure distribution is non-uniform over the contact surface area as shown in 
Figure 3.10(c).  
 
 
Figure 3.10: Contact surface area of a single sensor for three compressive loads with 
pressure distribution on the contact surface 
 
The variation of contact area with applied compressive load is shown in Figure 3.11 
for the four tests where maximum compressive load of 100kN was applied.  
 
Figure 3.11: Variation of contact area with increasing compressive load 
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The total area was computed by adding the contact area of the two sensors obtained 
from the saved ASCII files. The loading data from the INSTRON and the contact area 
from I-Scan data were synchronised for the loading time to create these curves. It can 
be observed from the figure that at 0kN the area is nearly zero, at 20kN the area 
amplified to 5000 mm2 (60% of the total contact area of the face shells) and at 80kN 
the area increased to 7000 mm2 (88% of the total contact area of the face shells). The 
data proved that the voids and interstices were collapsed when the compressive load 
increased leading to rapid increase in the contact area reaching the full contact (90% - 
95%) of the gross area was realised.  
The contact pressure distribution over the array of sensels of a single sensor (single 
face shell) was plotted from the saved ASCII data; this is shown in Figure 3.12. This 
distribution is shown for a single test; complete data of all the four tests are provided 
in Appendix B. The pressure distribution along the face shell for the applied load of 
20kN and 100kN is presented in 2D (Figure 3.12a and b) and in 3D (Figure 3.12c and 
d) formats.  
 
Figure 3.12: Pressure distribution in MPa over the face shell (a) 2D at load of 20kN  
(b) 2D at load of 100kN (c) 3D at load of 20kN (d) 3D at load of 100kN 
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It is obvious from the pressure contours that several high pressure points exist over the 
contact surface and pressure is not uniform throughout. The high pressure points 
persist even at higher loads which could be because of the presence of high strength 
coarse aggregates which did not crushed even at very high loads. The maximum 
contact pressure measured was 77 MPa at the highest pressure point, consistently 
occurring at the same pressure peak location throughout the loading along the face 
shell (see Figure 3.12). This local pressure perhaps occurred at a strong aggregate 
embedded in strong cement matrix as the local pressure was sustained throughout the 
test duration.  
The average and peak contact pressure variation with the loading time was saved in 
the form of ASCII data from the I-Scan recorded movies. Figure 3.13 shows the 
average contact pressure versus loading time relationship. The average contact 
pressure of the whole array of the sensels of the sensor was computed from the 
software and was saved as an ASCII file. The results of two sensors embedded in 
between the two face shells of the drystack blocks for all tests are shown in Figure 
3.13. The data from both the sensors can be seen as consistent. The trend is similar to 
the contact area versus time relationship. The average contact pressure was determined 
25 MPa approximately as shown in the Figure 3.13.  
 
 
Figure 3.13: Average surface contact pressure vs. loading time using MBTSS system 
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Figure 3.14 shows the peak surface pressure variation with loading time of the two 
sensors for four different tests. Although the trend is similar to the average stress, the 
peak stress (77MPa) is much higher than the average values. This pressure occurred 
consistently on the same location throughout the loading as shown in Figure 3.12. 
 
Figure 3.14: Peak surface contact pressure vs. loading time using MBTSS system 
3.2.2 Contact surface area using carbon paper technique 
Even though MBTSS could reliably determine the contact area and contact pressure 
distribution (peak and average values), carbon paper impression analysis technique 
was used to determine the contact area to examine if it could predict the results similar 
to MBTSS data and thus providing an alternate inexpensive method. 
3.2.2.1 Testing method  
Carbon paper was inserted in between the half blocks having dimensions of 200 mm 
× 200 mm × 190 mm and full blocks of dimensions 390 mm × 200 mm × 190 mm. 
Test setup and a carbon paper imprint are shown in Figure 3.15. The specimens were 
loaded using a 300kN INSTRON. The carbon paper image imprints were traced for 
loading increments of 20kN from 0kN to 100kN. Each imprint was then analysed by 
ImageJ software (a free ware) to compute the surface contact area introduced by 
National Institutes of Health in the US (ImageJ, 2012). 
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Figure 3.15: The test setup for contact surface area determination (a) specimen with 
inserted carbon paper (b) carbon paper imprints 
 
The software was calibrated first by calculating the Australian mainland area taken 
from the Google Maps. The scale was set as 1:1000km (as obtained from the Google 
scale bar). The colour threshold was set in the map image to differentiate the land area 
in red as shown in Figure 3.16. The colour threshold parameters are listed in Table 3.2. 
The relevant land section was then selected as shown in yellow line in Figure 3.16. 
The mainland size measured by ImageJ was 7,840,027.701 km2. The actual total area 
obtained from Geoscience Australia is 7,692,024 km2. The error margin was 
determined to be around 2%.  
 
Figure 3.16: Calibration of ImageJ software by measuring the Australian mainland 
area  
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Table 3.2: Colour thresholds for ImageJ 
Parameter Magnitude 
Hue 150 to 255 
Saturation 10-22 
Brightness 12-25 
 
After calibration, two A4 sized paper (for half blocks) and A3 sized paper (for full 
blocks) were placed with two carbon papers in the middle of blocks to obtain the 
contact area of both the top and the bottom block. The imprint papers were digitised 
with the highest possible resolution. The images were then analysed for computing the 
contact area in ImageJ. The scale of the image was defined as the size of standard A4 
paper 210mm × 297mm and A3 paper 297mm × 420mm. The colour thresholds were 
set as given in Table 3.2. The contact area was then computed by the ImageJ for every 
image obtained at different load increments of all the tests. 
3.2.2.2 Results and discussion 
The results of the carbon paper imprints analysis in terms of contact surface area with 
varying applied compressive load are shown in Figure 3.17. The results of half blocks 
and full blocks both are presented.  It can be observed that the contact area increased 
with the increase in the applied load. A good fitted curve was obtained with 91.0
2 R
and 84.0
2 R for the half block and for the full block respectively.  
Figure 3.17: Surface contact area and applied load relationship (a) Half blocks (b) Full 
blocks 
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The area increased from a minimum value to about 6500 mm2 (82%) of the maximum 
contact area at 100kN for the half blocks, whilst 10900 mm2 (70%) of the maximum 
contact area at 200kN for the full blocks. The contact area of full blocks would have 
increased to a higher percentage with loads higher than 200kN; however, loading was 
stopped at 200kN for safety reasons. 
Figure 3.18 presents the results from tactile sensor (MBTSS) data analysis and the 
carbon paper image analysis for the half blocks. It can be observed that the carbon 
paper imaging technique has yielded a gradually increasing contact area; a maximum 
surface contact of 82% was obtained, while the tactile sensors generated a larger 
contact surface area at an early stage of loading and full contact of about 94% was 
obtained with a much steeper slope. From the large difference in the results of the two 
techniques, it can be concluded that the carbon paper has limited ability to capture the 
full contact surface and small contact regions are left during the analysis. 
 
Figure 3.18: Comparison between contact area from MBTSS and carbon paper 
analysis 
3.2.3 Joint closure characteristics using DIC method 
Digital image correlation method is well accepted as a reliable method for measuring 
the surface strains in various laboratory testings including masonry (e.g. in Tung et al, 
2008; Willam et al, 2013; Thamboo et al, 2013). Therefore, the closure joint strains 
and deformations were measured for bi-stacked masonry prisms built with half blocks 
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and full blocks using DIC. The test images were analysed to estimate the strains in the 
vicinity of the dry joint using a special purpose program first created by White et al, 
(2003) and then applied to masonry by Thamboo et al, (2013) and rail by Zong and 
Dhanasekar (2013) and Bandula-Heva and Dhanasekar (2014).  
3.2.3.1 Testing method 
Canon EOS 5D Mark III digital SLR with 22MP full time frame sensor was selected 
for performing the image acquisition.  Since the interface strains were of prime 
interest, the dry interface was zoomed using 24-70 mm lens attached to the camera. 
The camera was connected to a remote trigger that recorded the images at a specified 
time interval without closing of the camera shutter. Digital images were taken at 10 
seconds interval. A faster rate was found unnecessary due to the slow rate of loading 
(1mm/min) in the experiments.  A total of 30-40 images were obtained from each test 
and used in the specimen deformation analysis. The test setup is shown in Figure 3.19. 
The specimens were loaded uniformly by means of displacement control testing with 
a loading rate of 1mm/min. Stresses were computed using the load data acquired from 
the 300kN INSTRON. The strain data from the DIC method and the stresses from the 
loading data were synchronised on the basis of clock times in the two computers. 
 
 
Figure 3.19: Test setup for joint closure characteristics measurement  
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3.2.3.2 Results and discussion 
The images were analysed for joint strains using the DIC. A zone of 100 mm × 40 mm 
was analysed for the joint closure strain calculations. A mesh for the selected area was 
created and the zone was divided into 14 × 6 patches, with the size of a typical patch 
as 20×20 pixels. A typical DIC mesh is shown in Figure 3.20. An EXCEL output file 
consisting of the strain data of the mesh patches at the specified time interval in 
separate sheets was created. Each sheet provided the correlation at a particular time 
interval and consisted of: 
 the mesh data with the patch numbers 
 initial and final coordinates of the centre of each patch 
 horizontal strains )( xx  computed at the intersection of each successive patch 
in the horizontal direction and between the centres of extreme right and left 
patches of the test mesh 
 vertical strains )( yy  computed at the intersection of each successive patch in 
the vertical direction and between the centres of topmost and bottommost 
patches of the test mesh 
 shear strains )( xy  at the intersection points of all the patches within the mesh 
 
Figure 3.20: Typical test mesh for DIC analysis 
 
The vertical strains computed from the coordinates of the topmost and the bottommost 
patches of the mesh were averaged to determine the joint closure strain at each time 
interval. The complete data with algorithm to calculate the strains are presented in 
Appendix B. The average stresses were computed from the INSTRON load data at 
each time interval by dividing the load with the face shell area (8000 mm2 for half 
blocks and 16000 mm2 for full blocks). The strain and the pressure data was 
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synchronised on the basis of time. The stress-strain relationship for joint closure of the 
drystack prisms under compressive loads is shown in Figure 3.21. The data from six 
tests performed on half blocks and full blocks prisms were plotted with a fitted curve 
having 94.0
2 R . The non-conformal contact of the dry joints in the early stage of 
compression is obvious from the gradually stiffening curve which is termed as 
‘nonlinear progressive stiffening’ of the joints in this thesis. Once the joints were 
closed, typical softening response was exhibited. Other significant observation is the 
threshold strain at which the joints are closed is 0.002.  
 
Figure 3.21: Joint closure strain and average stress relationship of the tested prisms 
 
The joint closure deformation was computed from the calculated strain using a gauge 
length of 40 mm. Figure 3.22 shows the computed pressure versus joint closure 
relationship of the drystack prism tests.  
 
Figure 3.22: The joint closure deformation versus pressure relationship 
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The data from the six tests were plotted with a fitted curve having 92.0
2 R  can be 
observed. The nonlinear portion of the curve in the beginning of the loading shows the 
progressive closing of the joint under compressive loads. With the ongoing closure of 
the joint, the slope of the curve progressively increased until the maximum stress is 
reached. The threshold deformation for the full contact of the joints can be observed 
around 0.1 mm as marked in the Figure 3.22. This is referred to as the initial gap 
between the blocks uneven surfaces. A similar initial clearance (gap) of 0.11 mm was 
reported by Gasser et al, (2004) and Andreev et al, (2012) for the drystack blocks. 
3.3 Summary 
Dry joint surface unevenness and the dry joint closure characteristics of the 
interlocking drystack blocks have been described in this Chapter. The joint surface 
contact properties in terms of contact pressure and contact area were determined using 
matrix based tactile sensor system (MBTSS) effectively. The joint closure 
characteristics were ascertained through experiments using the DIC technology. Some 
important conclusions drawn from the experimental study are: 
 The MBTSS determined that the blocks had only about 5% to 10% contact 
under the self-weight and approximately 95% contact at a higher load of 100kN 
(75% of ultimate). 
 The peak pressure along the surface of face shells was measured very high (77 
MPa) due to interstices on the interface; while the maximum average pressure 
was determined as 25 MPa. 
 The contact pressure distribution was highly non-uniform along the face shell 
of the hollow interlocking blocks. Some high points bearing pressure of 77 
MPa were observed on the interlocking surface which could be due to the 
presence of hard coarse aggregates.  
 The carbon paper image analysis technique determined the contact area 
conservatively lower than that determined by the MBTSS. 
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 The threshold strain at which the drystack joint closed completely was 
determined as 0.002 and the initial gap between the blocks interfaces was 
measured as 0.1 mm. 
The experimental data acquired in this chapter has revealed that several high pressure 
points on the dry surface interface existed throughout the loading history possibly 
because of the hard coarse aggregates (gravel) embedded in high strength cement 
matrix. For further studies a localised finite element model has been developed and 
validated using the experimental results presented in this chapter. The details of the 
FE modelling are presented in Chapter 4.  
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CHAPTER 4: NONLINEAR FINITE ELEMENT 
MODELLING OF DRY SURFACE INTERFACE 
4.1 Introduction 
Chapter 3 presented the contact properties of dry joints determined from the 
experiments. This Chapter presents a finite element (FE) modelling method for 
characterising the dry joints. Mitigation strategies to reduce the peak, uneven contact 
pressure and surface unevenness are then studied using this FE model. The main 
features of the FE model are: 
1. Modelling the unevenness of the contact surface. 
2. Validation of the contact pressure at high pressure points using the data observed 
in the experiments. 
3. Validation of the joint closure deformation-pressure response of the drystack 
contact interface obtained from the lab tests. 
The details of the adopted material models, mesh sensitivity, model calibration, contact 
surface unevenness modelling method and the validation of the FE model are discussed 
in the ensuing sections. 
4.2 Modelling procedure 
In order to specifically model the contact surface unevenness of the drystack blocks, 
micro-modelling technique was necessary. Two blocks and their interface were 
modelled. Figure 4.1 shows the geometry of the assembly of the bi-stacked 
interlocking block prism similar to the one used in the lab tests. Numerical analysis 
was performed using a three dimensional (3D) finite element modelling approach with 
non-linear constitutive laws for the block material and for the interface failure 
mechanism. To simulate concentric axial compression, only half of specimen was 
modelled exploiting symmetry about z-axis as shown in Figure 4.1.  
ABAQUS finite element software was used for numerical modelling. The assembly 
was modelled using eight-nodded 3D elements (C3D8R) from the ABAQUS library. 
Only the face shells were uniformly loaded whilst the vertical degrees of freedom of 
the bottom surface were restrained as shown in Figure 4.1. 
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Figure 4.1: Bi-stacked interlocking blocks prism assembly under compression 
 
4.2.1 Meshing and convergence study 
A mesh convergence study was conducted to determine the optimum size of the mesh 
that minimised computational time without losing accuracy. For the convergence 
study, FE elastic analysis was carried out. Geometry of the bi-staked prism with 
different mesh sizes is shown in Figure 4.2.  
 
Figure 4.2: Prism FE meshing for mesh convergence study (a) mesh size 
5mm×5mm×5mm (b) mesh size 10mm×10mm×10mm (c) mesh size 
30mm×30mm×30mm 
 
A uniform pressure of 1 MPa was applied on the face shell and the resultant normal 
stress at the interface was determined from the output files. The considered mesh sizes, 
the corresponding number of elements, the vertical stress at interface obtained from 
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model and percentage error with respect to the expected 1 MPa applied stress are listed 
in Table 4.1.  
Table 4.1: Mesh convergence study 
Mesh size Number of 
elements 
Maximum stress 
at interface (MPa) 
% error from the 
applied pressure 
30mm×30mm×30mm 184 1.22 22 
20mm×20mm×20mm 364 1.21 21 
10mm×10mm×10mm 2752 1.01 2.5 
7mm×7mm×7mm 8478 1.007 0.7 
5mm×5mm×5mm 21440 0.995 0.5 
 
Figure 4.3 exhibits the variation of % error in the maximum stress at the interface with 
the increase in the mesh density. It can be observed that as the number of elements 
increased, the accuracy in stress magnitude increases and thus the % error decreases. 
When number of elements are 2752 for the mesh size of 10mm ×10mm ×10mm the 
results were converged to a close value of the applied stress of 1 MPa.  Thus, the mesh 
size of 10 mm was considered as the maximum permissible mesh size. 
 
Figure 4.3: Variation of %error with number of meshed elements 
4.2.2 Material properties 
Brittle materials like concrete and mortar are characterised by damage states of tensile 
cracking, compressive crushing and stiffness degradation.  Therefore, the behaviour of 
drystack interlocking concrete blocks was simulated using 'Concrete Damage 
Plasticity Model' available in the ABAQUS finite element package. The failure 
mechanism of tensile cracking is considered for tensile behaviour of concrete whilst 
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compressive crushing is accounted for the compressive behaviour in this damage 
model. These behaviours are shown in Figure 4.4.  
 
Figure 4.4: Illustration of concrete damage plasticity model (ABAQUS, 2013) 
The damage variables in compression and tension ( cd and td ), shown in Figure 4.4, 
were computed with the damage evolution law and the corresponding yield function 
was defined by Lubliner et al, (1989) including the modifications proposed by Lee 
(1998) based on biaxial plane stress failure envelope for concrete.  
The model parameters of the yield compressive strength, the maximum tensile 
strength, the initial elastic modulus and the plastic strains-stress relationship were 
defined for the drystack units. The average compressive strength of the concrete block 
(25 MPa) was provided by the manufacturer. The details of material properties used 
for the FE model calibration are given in Table 4.2.  
Table 4.2: Details of concrete unit material properties used in the analysis 
Material properties Concrete unit References 
Elastic Modulus (MPa) 9000 Barbosa et al, (2010) 
Poisson’s ratio (υ) 0.2 Barbosa et al, (2010) 
Uniaxial compressive strength (MPa) 25 Manufacturer 
Uniaxial tensile strength (MPa) 2.5 Assumed 
Biaxial stress ratio 1.16 ABAQUS (2013) 
Dilatation angle (°) 15 ABAQUS (2013) 
Flow potential Eccentricity (ε) 0.1 ABAQUS (2013) 
Viscosity parameter 0.01 ABAQUS (2013) 
 
The elastic modulus and Poisson’s ratio were input as per Barbosa et al, (2010). In the 
absence of tensile strength of concrete unit, one-tenth of compressive strength was 
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given as the  tensile strength. The material properties of concrete damage plasticity 
model were taken from ABAQUS theory manual (2013) and Sousa et al, (2012) which 
include: (i) the biaxial stress ratio which is the ratio of biaxial compressive 
(compression-compression principal stress) failure stress to uniaxial compressive 
failure stress; (ii) the dilatation angle which controls the amount of plastic volumetric 
strain developed during plastic shearing; (iii) the flow potential eccentricity - ε is the 
parameter that characterise the rate at which the hyperbolic flow potential approaches 
its asymptote; (iv) the viscosity parameter - μ which is required for the visco-plastic 
regularisation of concrete damage plasticity constitutive equations. Further, the 
compressive and tensile failure stress-inelastic strain relations of concrete block under 
compression and tension were given according to Evans and Marathe (1968) and 
ABAQUS theory manual (2013). The details are given in Table 4.3.  
Table 4.3: Concrete compression and tension failure stress‒inelastic strain data  
Compression Tension 
Failure stress (MPa) Inelastic strain Failure stress (MPa) Inelastic strain 
15 0 2.5 0 
21 0.001 1.8 0.0005 
25 0.002 1.2 0.0010 
22 0.003 0.8 0.0015 
15 0.004 0.6 0.0020 
7 0.005 0.4 0.0025 
 
4.2.3 Contact surface unevenness modelling and interaction properties 
The contact surface unevenness was modelled to validate the experimental results 
discussed in the Chapter 3. Two important aspects were considered to simulate the 
surface unevenness (as schematised in Figure 4.5):  
 Hard coarse aggregates with rock properties causing high contact pressure  
 Uneven contact surface due to the presence of interstices 
 
Figure 4.5: Schematic representation of the surface unevenness 
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A fine mesh of 2mm in x-direction × 2mm in z-direction × 5mm in y-direction was 
used to model the peaks in a smaller area on the top of the face shell where the high 
pressure peaks were observed in the experiments. The properties of the meshed 
elements on those locations were changed to high stiff rock properties with linear 
elastic behaviour. The elasticity modulus and Poisson’s ratio of the rock was input as 
20,000 MPa and 0.25 respectively. Figure 4.6 shows the model of the top face shell 
with uneven contact surface along with the experimental surface unevenness profile 
determined in Chapter 3.  
 
Figure 4.6: Modelling of the contact surface unevenness 
(Nodes elevation shown at enhanced scale) 
 
The elements with yellow colour in the enlarged portion of the face shell in Figure 
4.6(b) show the elements representing the interstices. For the simulation of 
unevenness, the selected nodes were raised to 0.1 mm in the y-direction by changing 
the y-coordinate of the nodes using the ‘mesh edit’ option in the ABAQUS software. 
This unevenness creates an initial gap of 0.1 mm between the blocks of the prism as 
determined from the experimental data presented in Figure 3.22 in Chapter 3. The 
selection of the elements to assign the rock properties and the nodes to be elevated was 
carried out according to the experimental observations as shown in Figure 4.6 (a).  
The interaction between the two interlocking drystack blocks was simulated using a 
constitutive law accounting for the traction-separation of the interface from the 
ABAQUS library. This model considers initially a linear elastic behaviour of the 
interface which is followed by the initiation and evolution of interface damage. The 
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elastic behaviour is shown in Eq. (4.1) that relates the normal and the shear stresses to 
the normal and shear separations (displacements) across the interface. 
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The interface traction stress vector t

consists of three components which are nt

 (normal 
component) and ts tt

, are two tangential shear components; the corresponding 
separations (displacements) are denoted by tsn 

,, respectively. In addition, the 
normal and the shear stiffness coefficients ttssnn KKK ,, are defined for the simulation 
of linear elastic behaviour. For damage initiation, the interaction model assumes a 
quadratic nominal stress criterion as mentioned in Eq. (4.2). 
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In which, 
o
s
o
n tt , and 
o
tt are limiting tensile and shear stresses for the contact. When the 
interface is not in contact because of interstices, the interface behaves linear elastically. 
With the increase in compressive load, surface contact is established and the stresses 
increase until the limiting stresses are reached, after which friction model is activated 
which contributes to the shear stresses. The well-known Mohr-Coulomb failure 
criterion available in the ABAQUS library (Eq. 4.3) was used to model the friction 
behaviour. 
     tann
o
ss ttt            (4.3) 
The selected interface properties used in the FE model are shown in Table 4.4. 
 
Table 4.4: Interface properties 
Interface Properties Dry interface interaction 
Normal stiffness, nnK  (N/mm
3) 28 
Shear stiffness, ssK  &  ttK  (N/mm
3) 32 
Friction coefficient (μ) 0.6 
Maximum tensile stress 
o
nt  (MPa) 0.68 
Maximum shear stress 
o
t
o
s tt ,  (MPa) 0.82 
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4.3 Validation of the model  
The developed FE model of the bi-stacked drystack prisms with uneven contact surface 
interface shown in Figure 4.7 was validated with the experimental data presented in 
Chapter 3. Since full block prisms were not tested in the lab for the contact pressure 
measurement due to length limitations of the MBTSS sensor, validation was only 
carried out for half block bi-stacked prisms. A uniform displacement of 2mm was 
applied on top of the face shell of the prism. The contact pressure (peak and average) 
and the average stress versus joint closure strain curves were plotted from the 
ABAQUS output files. 
 
Figure 4.7: FE model of bi-stacked drystack prisms with uneven contact surface  
(a) Half blocks (b) Full blocks  
 
4.3.1 Contact pressure  
The pressure distribution on the uneven contact surface of the half blocks was 
determined from the ABAQUS output and is shown in Figure 4.8(b). The results of 
pressure distribution (pressure contours) on the surface of the contacting face shell 
matched well with the experimental results shown in Figure 4.8(a). It can be observed 
from the figure that the peak pressure of 77 MPa occurred at the same point on the face 
shell contact interface as was observed in the experiments.  
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Figure 4.8: Comparison of contact pressure distribution on the face shell with the 
experiments 
 
The variation of peak and average contact pressure with the loading time for the prisms 
predicted by finite element models are shown in Figures 4.9 and 4.10 respectively.  
 
Figure 4.9: Variation of peak contact pressure with loading time 
 
 
Figure 4.10: Variation of average contact pressure with loading time 
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Experimental data are also shown in these figures. Figure 4.9 shows the variation of 
peak contact pressure with the loading time of the element as marked with the highest 
contact pressure in the Figure 4.8. The trend obtained from the FE results compared 
well with that of the experimental results; the maximum peak pressure from the FE 
model and the lab experiments are 76 MPa and 77 MPa respectively. Moreover, it is 
notable that the results of half and full blocks are quite similar and in good agreement 
with the lab results. The variation of the average contact pressure computed from the 
FE analysis over the interface of the half and full blocks prism is presented in Figure 
4.10 along with the experimental data. The maximum average contact pressure from 
the FE model and the lab experiments are 20 MPa and 25 MPa respectively. The results 
computed for the full blocks are consistent with the trend observed for the half blocks. 
4.3.2 Average stress versus joint closure strains 
The joint closure strain and the average compressive stress were computed from the 
analysis of FE model for the half and full blocks prisms. The strains were computed 
from the nodal displacements in the vicinity of the interface for the gauge length of 40 
mm (similar to the experiments) as shown in Figure 4.11(a).  
 
Figure 4.11: Computation of the joint closure characteristics 
 
The displacement of the ten nodes in the bottom block of the bi-stacked prism marked 
as B1,…….., B10 in Figure 4.11(a) were subtracted from the displacement of the ten 
nodes marked as A1,……..,A10 in the top block to determine the net vertical 
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displacements v1,…….., v10 in the vicinity of the interface. The average displacement 
(vR) was then computed by averaging these ten vertical displacements using Eq. (4.4).  
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i
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v
v                (4.4) 
The average displacement (vR) was then divided by the gauge length (40mm) to 
compute the joint closure strains. The corresponding average stress )( R was 
determined by dividing the sum of the nodal reaction forces 

n
i
iR
1
on the face shell as 
shown in Figure 4.11(b) with the face shell bed area fsA  (4000 mm
2 for half blocks 
and 8000 mm2 for the full blocks) using Eq. (4.5).  
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The results are shown in Figure 4.12 with the experimental data. It can be observed 
from the figure that the FE model predicted the experimental compressive stress vs. 
joint closure strain response of the drystack prisms. The developed FE model is shown 
to capture the nonlinear progressive stiffening behaviour of the joints until attaining 
the threshold strain. The peak stress and the post peak response are also comparable 
with the experimental results. 
 
Figure 4.12: Joint strain vs. average compressive stress response of prisms 
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4.3.3 Failure mechanism 
The vertical stress distribution for the full block and half block prisms is shown in 
Figure 4.13.  
 
Figure 4.13: Vertical stress distribution and failure mechanism of half and full block 
prisms and failure mode 
 
It can be clearly observed that the stress distribution is similar in both tested prisms. 
Two types of failure modes were observed in the prisms (see Figure 4.13): 
 Stress concentration and joint crushing under high compressive displacement  
 Web shell cracking due to tension in the webs 
The failure due to crushing of the joints is reported by Gasser et al, (2004) and Jaafar 
et al, (2006). In the initial stage of loading the gap between the joints of the drystack 
prisms closed progressively. When the joints completely closed and the loads 
increased to a higher level, the crushing of the joints occurred. Secondly, tensile 
stresses developed in the web shells which caused web shell cracking when the tensile 
capacity was reached. Similar failure mechanism was observed in the experiments 
discussed in the Chapter 3 and by Jaafar et al, (2006) for the hollow blocks drystack 
prisms.  
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4.4 Summary 
In this chapter a micro 3D finite element (FE) modelling technique was presented for 
the drystack masonry prisms with an emphasis on the contact surface unevenness. The 
FE model incorporated the concrete damage plasticity for the masonry unit behaviour 
and the traction separation interface damage along with the Mohr-Coloumb criterion 
for the dry interface behaviour. The developed model was calibrated for the joint 
unevenness profile through fine meshing of the face shell and defining rock properties 
to the selected elements as observed from the experimental study presented in the 
Chapter 3. The interstices were modelled by increasing the coordinates of some 
selected nodes by the joint closure observed in the experiments (0.1mm). The 
calibrated contact surface model was used to validate the experimental contact 
pressure distribution and joint closure stress-strain behaviour presented in Chapter 3. 
The developed model was used successfully to verify the experimental results. The 
high contact pressure due to presence of hard coarse aggregates on the contact surface 
was also confirmed from the FE model results. 
The presented micro-modelling technique yielded accurate results; however, it is time 
consuming and cumbersome due to detailed unevenness modelling of the contact 
surface. For the prediction of the compressive strength and the stress-strain response 
of the drystack prisms an analytical damage model was therefore developed. The 
analytical damage model is presented in Chapter 5. 
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CHAPTER 5: ANALYTICAL DAMAGE MODEL FOR 
MORTARED AND DRYSTACK MASONRY 
5.1 Introduction 
In this chapter, a generalised analytical model inspired from damage mechanics 
principles has been developed to compute the average stress-strain behaviour of the 
masonry under compression. The novelty of this model is that it considers the 
interstices as a delay function until a specified threshold strain. For precision and 
accurate prediction, the damage parameters were calibrated from the experiments as 
well as other data from the literature. Both the drystack and the mortared masonry were 
considered. The developed model requires only the properties of the constituents and 
predicts the strength of masonry and complete stress-strain response under monotonic 
compression conservatively and efficiently with reasonable precision. The validation 
of the developed model with the experimental results is also presented in this Chapter. 
5.2 Damage model formulation for masonry constituents 
Continuum damage theory can be a suitable representation for quasi-brittle materials 
(concrete, mortar, masonry) since the onset of micro-cracking and voids nucleation 
cause significant reduction in their stiffness (Kachanov, 1986; Lemaitre, 1992; 
Krajcinovic, 1996). The application of continuum damage mechanics for masonry 
structures is shown suitable by many researchers e.g. Pegon and Anthoine (1997); 
Luciano and Sacco (1998); Berto et al, (2002); Massart et al, (2004), (2007) and Pela 
et al, (2013). The principles of damage mechanics were employed to model the 
behaviour of masonry constituents in this study. 
 
The compressive stress-strain response of the conventional masonry constituents (units 
and mortar) is parabolic and quite similar to concrete as schematically represented in 
Figure 5.1(a). This behaviour is termed as 'progressive softening' behaviour.  However, 
when mortar is placed between the units, its behaviour is affected by the bond and the 
unit-mortar interface characteristics. Some researchers have observed a nonlinear 
'progressive stiffening' behaviour of mortar under compression until a threshold strain 
in their experiments (Ozhan and Cagatay, 2014; Miccoli et al, 2014) as schematised in 
Figure 5.1(b). Dry surface-interfaces of the drystack masonry show more pronounced 
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non-linear progressive stiffening until a larger threshold strain in comparison to 
conventional mortar-interface (Jaafar et al, 2006; Andreev et al, 2012). This response 
of dry interfaces is observed in the experimental results of Chapter 3 (Figure 3.21). 
The reason for this prolonged progressive stiffening is attributed to the crushing of 
interstices, closing of voids and gaps in the dry interfaces.  
 
Figure 5.1: Typical compressive stress–strain response of masonry constituents  
(a) units (b) mortar-interface (for mortared masonry) and dry interface (for drystack 
masonry) 
 
Conceptual damage evolution for the progressive softening and stiffening models is 
shown in Figure 5.2(a). Under progressive softening, micro-cracks are formed due to 
lateral tensile strains along the axes 2 and 3 (horizontal lateral directions) and coalesce 
with the increase in compression along the axis 1 (vertical longitudinal direction) until 
failure. Damage due to compression is neglected. Further details of damage evolution 
due to lateral tensile strains are discussed in Section 5.2.3. 
 
 Figure 5.2: Conceptual damage evolution (a) Damage variation with strain in 
progressive stiffening and softening models (b) Reduction of interstices during 
progressive stiffening 
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On the other hand, under progressive stiffening, only damage due to compression 
along the axis 1 (vertical direction) is considered. Compression damage occurs due to 
collapse of pores in the mortar and interstices in the interface under compressive 
strains in the major loading direction 1 (vertical direction) and the existing interstices 
(gaps/voids) decreased as schematised in Figure 5.2(b). It is assumed that during 
interstices crushing in the direction 1, no damage occurs in the other two directions 
(axis 2 and 3) of both the mortar–interface layer and the units; once the interstices are 
fully collapsed in direction 1, the progressive softening behaviour resumes. Damage is 
ascertained in the units, the mortar–interface or the dry interface through the energy 
release limiting surfaces along the axes 2 and 3 as described in Section 5.2.4. 
 
5.2.1 Effective damage stiffness for progressive softening behaviour 
In the continuum damage mechanics theory, effective state variables associated with 
the pseudo-undamaged state can be defined based on the strain equivalence, stress 
equivalence, elastic energy equivalence or the total energy equivalence assumptions 
(Besson et al, 2010). In the strain equivalence assumption (described in Figure 5.3) for 
the damaged elastic continuum, the effective state variables )~,~( ij
e
ij  are related to their 
respective classical state counterparts ),( ij
e
ij  by:  
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Figure 5.3: Strain equivalence concept visualization 
 
In which  10 is the scalar variable associated with the isotropic damage and 
which verify 0  if there is no damage and 1  if the material is fully damaged 
(final fracture). 
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Figure 5.4 exhibits the effective stress concept for one dimensional state of stress. 
From Eq. (5.2), the effective young's modulus can be easily extracted: 
    )1(
~
 EE                    (5.2) 
For anisotropic damage, the damage can be represented by a symmetric second-rank 
tensor ij  and a symmetrised fourth-rank damage effect tensor )( ijijklM  can be used 
to extend to the anisotropic case using the mapping of Eq. (5.1) (see for example: 
Krajcinovic, 1996; Besson et al, 2010; Murakami, 2012). 
 
 
Figure 5.4: 1-D Effective stress concept based on strain equivalence 
 
In the principal coordinate system (where shear strains and stresses vanish), for 
undamaged isotropic materials, linear elastic constitutive relationship can be expressed 
as:  
     
e
jiji D                (5.3) 
Where ijD  is the stiffness matrix of the material and is represented as: 
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in which oE is the initial elastic modulus and   is the Poisson’s ratio for the undamaged 
material. Whereas for damaged material constitutive equation may be expressed as:
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Where,  is the strain energy of the damaged material and ijD
~
is the effective damage 
stiffness of the damaged material in the principal coordinate system. The strain energy 
of a damaged material can be expressed as: 
    
2~
2
1
),( ejiji
e
i D                  (5.6) 
Damage growth/evolution is traced by fracture energy release rate or energy released 
from the crack as: 
    ),( i
e
i
i
iR 




              (5.7) 
where 3,2,1, ii are the principal damage components which describe the total 
amount of damage (in terms of cracks and voids) occurring along each principal 
direction as a function of strain in that direction. Also,   is the incremental strain 
energy density and  is the mass density; iR  increases with damage growth and 
loading until it reaches a critical value at the onset of failure. In this study, the elastic 
properties matrix of the damaged material as shown in Eq. (5.8), based on 
phenomenological aspects, in the principal coordinate system for quasi brittle 
materials proposed by Khan et al, (2007) has been used to simulate the behaviour of 
the masonry constituents using the strain control method. 
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This stiffness matrix is defined in terms of strain with the inherent assumption that the 
principal axes of stress coincide with the respective directions of the principal strains. 
The parameters used   (for tension state),   (for compression state) and   (for 
volumetric dilatation) are calibrated in this study for a range of units and mortar 
properties.  
5.2.2 Nonlinear progressive stiffening model 
In this study, the unit-mortar interface and the dry surface-interface are assumed to 
exhibit non-linear progressive stiffening as shown in Figure 5.1(b). The stress-strain 
behaviour of hyperelastic materials such as sponges can be regarded similar to the 
initial part of stress-strain curve of the unit-mortar interface and the dry surface-
interface. Sponge is a compressible material and it undergoes progressive stiffening 
until it is fully compressed. The simplest scalar model proposed by Swyngedau et al. 
(1991) is adopted in this research (Eq. 5.9).  
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e
e
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

             (5.9) 
Where, 
C1 = Stress scale factor 
C2 = Power for prominence of “shoulder” in the sigmoid stress-strain curve, when C2 
≤ 1, no shoulder 
C3 = Densification strain for sponge 
 
The above mentioned constants were modified to fit for unit-mortar interface and dry 
surface-interface. The calibrated values are mentioned in Table 5.1.  
Table 5.1: Parameters of progressive stiffening model 
Parameter Mortar-interface Dry-interface 
Power C2  2.25 2.25 
Crushing strain C3 0.0045 0.007 
Threshold strain  0.0005 0.002 
 
The threshold strain varies for different cases due to its dependence on initial 
prescribed value of interstices in the interface. The progressive stiffening model 
prevails until the interstices vanish under compressive loads (as shown in Figure 
5.2(b)). The initial interstices are input as a dimensionless number  maxIns  representing 
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the ratio of void area to the total area. The reduction of interstices in the interface is 
determined by subtracting the damage   until it becomes zero   maxInsIns .  
The constant C1 was derived in terms of effective elastic modulus of mortar to increase 
its applicability for different kinds of mortars using Eq. (5.9) using the value of the 
maximum threshold strain. The stress   was determined from the effective elastic 
modulus of mortar. The threshold strain   was set as 0.0005 for mortared masonry; 
at which the progressive stiffening behaviour was assumed to be diminished. 
Parameter C1 is defined as: 
      105.01 moEC               (5.10) 
where  1moE is the effective elastic modulus of damaged mortar-interface 
analogous to the effective damage modulus discussed in Section 5.2.1, in which, 
moE
is the initial elastic modulus of mortar,   is a parameter that characterise the 
compression state and   is the scalar damage occurring in the direction of loading 
due to collapsing of interstices in the interface. 
 
The final form of the calibrated progressive stiffening model of the unit-mortar 
interfaces for a range of strain from zero to the threshold in the principal axis 1 (along 
which the energy dissipation and joint closure is considered) is given as:  
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Eq. (5.11) is modified for dry stack masonry with the calibrated parameters as 
described in Table 5.1 and is given in Eq. (5.12). Initial modulus of mortar could be 
replaced with initial modulus of units uoE in the case of drystack masonry.  
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Eq. (5.11) and Eq. (5.12) ensure smooth transition between the progressively stiffening 
and the progressively softening models at the threshold strain.  
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5.2.3 Limiting damage surfaces and damage evolution for progressive softening 
model 
Limiting damage surfaces in terms of strain energy release space proposed by Suaris 
et al, (1990) are defined to represent damage growth due to tensile strains as shown in 
Figure 5.5. The fundamental surfaces are: (a) fo: the damage threshold surface below 
which material remains elastic and undamaged, (b) F: the final damage surface beyond 
which no increase in stress is possible and (c) f: a loading function surface which shows 
the current loading state. Each surface is associated with a specific single value of 
energy release rate and this constitutes to circular shape of the limiting surfaces.  
 
 
Figure 5.5: Conceptual representation of the limiting surfaces for damage evolution 
in progressive softening model 
 
The final damage surface is obtained by applying a mapping rule to the loading 
surface. The damage growth rate is defined as a function of the distance between a 
point on the loading surface and the corresponding image point on the final damage 
surface. For the states of uniaxial compression or compression-biaxial tension in units 
and unequal triaxial compression in combined mortar-interface with the maximum 
compression along the axis (R1), two damage components exist along the axes R2 and 
R3 because of the lateral tensile strains. The resultant energy release path is assumed 
at 45o in the R2–R3 plane.  
 
Chapter 5 Page 76 
 
 
The onset of damage (micro-cracking) is defined using the damage threshold surface 
of  with a parameter Ro. This parameter is set as the initial energy release rate at the 
onset of damage (usually at about 30% to 40% of the peak stress). The resultant energy 
release rate vector RR is determined at each incremental strain. Resultant RR is 
identically equal to Ro when it coincides with the damage threshold surface as shown 
in Eq. (5.13). For values of the resultant energy release rate less than Ro, damage is 
assumed to be null. 
0 oRo RRf                                         (5.13) 
Similarly, the final damage surface F is associated with a parameter 𝑅𝑐 - the critical 
energy release rate at failure is calibrated to the standard uniaxial compression test. 
This surface is demarcated by the resultant energy release rate RR equal to 𝑅𝑐  as shown 
in Eq. (5.14). 
    0 cR RRF                                      (5.14) 
A loading surface f is defined by a mapping parameter Rc RRb   (Ratio of critical 
energy release rate and the resultant energy release rate at any instant). The mapping 
parameter b ranges from  to a limiting value of 1 with the growth of the loading 
surface until it coincides with the final damage surface. 
                                                0/  bRRf cR                                            (5.15) 
Damage is assumed to accumulate at levels of strain energy release rate resulting in 
the loading surface f crossing the damage threshold surface 𝑓𝑜 and rupture is said to 
occur when f grows large enough to merge with the final damage surface F fixed in 
the 𝑅𝑖  space.  
The damage growth is determined from the loading surface f = 0 where the damage 
increment vector is assumed to be in the direction of the slope of the loading surface. 
Therefore, the principal damage components may be written as in Eq. (5.16): 
    
i
i
dR
df
dd                                (5.16) 
in which d  is the Lagrange multiplier (or the damage multiplier) analogues to the 
plastic multiplier defined by the consistency condition in the associated theory of 
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plasticity. An expression of d  is derived from the equation of loading surface f, Eq. 
(5.15) with bRkk cP /)(   as given below: 
    0)()(),(
2/1  Piii kRRkRf           (5.17) 
where, 
P is the norm of the accumulated damage and whose increment is defined by 
      2/1iiP ddd               (5.18) 
Using the consistency condition ddff  0,0  
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 Using the values from Eq. (5.16), Eq. (5.20) and Eq. (5.21), Eq. (5.19) is expanded to 
Eq. (5.22).    
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From Eq. (5.17),      
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Similarly Eq. (5.17) also implies:  
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Solving Eq. (5.22) for d  after submitting the values from Eq. (5.24) and Eq. (5.25): 
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Where H
k
P




 is the damage modulus, thus Eq. (5.26) implies:   
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The damage modulus H can be expressed as a function of the distance between the 
loading and the final damage surface (Suaris et al, 1990; Baluch et al, 2003), given by
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in
K
H             (5.28) 
Macaulay brackets < > in Eq. (5.28) are used to set the quantity within it to vanish if 
the value is negative. K  is a constant which controls the damage growth and softening 
phase of material response in the stress-strain space. The value of K  was calibrated 
against different peak strengths; K= 2.65 fitted most of the curves and same was also 
suggested in Suaris et al, (1990). The normalised distance   between the loading and 
the final damage surfaces is given by 
     
b
1
1                                (5.29) 
in  in Figure 5.5 corresponds to Ro when the loading surface first crosses the 
damage threshold surface. At every strain increment, iR  is quantified and compared 
with the limits until reaching failure. The incremental stress-strain relation based on 
the damage increment is given as: 
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5.2.4 Damage evolution criteria in progressive stiffening model 
During progressive stiffening phase, energy is assumed to be dissipated due to 
interstices collapse under compressive strains developed along the principal axis 1 (as 
shown in Figure 5.6). The energy release rate along the axis 1 (R1) is computed from 
the strain energy density of the mortar-interface and dry surface-interface using the 
relation shown in Eq. (5.7). The final form of energy release due to compression is 
given in Eq. (5.31). The developed stress-strain relations of mortar-interface shown in 
Eq. 5.11 (conventional masonry) or dry surface-interface in Eq. 5.12 (drystack 
masonry) were used to determine the strain energy. 
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Figure 5.6: Schematic representation of the damage evolution in progressive 
stiffening model 
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Where, 025.0)( Const  for conventional masonry and 0.003 for drystack masonry 
and  0045.02 C  for conventional masonry and 0.007 for dry stack masonry. 
The damage   is traced by a loading function sf  in terms of the current energy released
1R , the maximum energy released max,1R  at the threshold strain and the mapping 
parameter 𝑎 as given in Eq. (5.32). 
         0/max,11  aRRfs                                                 (5.32) 
The maximum energy released is computed through Eq. 5.31 for a known threshold 
strain and input properties of the material. The mapping parameter
1max,1 / RRa  is the 
ratio of maximum energy released rate at the known threshold strain and the current 
energy release rate at any instant of loading. The mapping parameter ‘a’ decreases 
with the increase in energy released until it coincides with the maximum energy 
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released
max,1R  at the given threshold strain. The incremental form of damage is shown 
as:  
      
1dR
df
dd s               (5.33) 
Where, d  is determined using Eq. (5.27).  The damage modulus H in Eq. (5.27) in 
the progressive stiffening phase is a function of the distance between the loading point 
with current energy released 1R   and the maximum energy released max,1R  as shown in 
Figure 5.6. 
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1max,1
R
RRK
H

              (5.34) 
Beyond the threshold strain, after closing of interstices in direction 1, the progressive 
softening model is resumed as shown in Figure 5.6. 
5.3 Determination of damage model parameters for constituents 
The parameters of the damage stiffness matrix shown in Eq. (5.8) are essential for the 
damage model of the constituents. Five parameters  ,,,, co RR were calibrated for 
masonry units and mortar interfaces separately. A range of compressive strength, 
elastic modulus and Poisson’s ratio of the masonry components were used for 
calibrating these parameters. Moreover, to avoid model predictions restricted to a 
particular set of data, general relations in terms of the strength and the elastic modulus 
of the constituents were developed for these parameters using multivariate regression 
technique. The experimental data used and the regression process are presented in the 
following subsections. 
5.3.1 Data used for regression of parameters 
Table 5.2 contains a list of properties of the constituents used for the calibration of 
damage parameters. Some data that could not be found in the literature were 
determined using common relations (for example, tensile strength is 10% of 
compressive strength) or assumed (for example, Poisson’s ratio is 0.2) as shown in the 
Table 5.2.    
 
 
Table 5.2: Properties of masonry constituents used for parameters regression 
Unit Properties Mortar Properties 
Reference 
fuc Euo u 
 
fut** 
Reference 
fmc Emo m 
 
fmt** 
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) 
Thamboo et al, (2013) 12.47 10000 0.18* 1.25 Thamboo et al, (2013) 3.59 3500 0.25 0.36 
Andolfato et al, (2004) 9.17 10880 0.18 0.92 Andolfato et al, (2004) 4.90 6000 0.2 0.49 
Andolfato et al, (2004) 13.38 10360 0.18* 1.34 Andolfato et al, (2004) 4.90 6000 0.2* 0.49 
Barbosa et al, (2010) 11.20 8120* 0.18* 1.12 Barbosa et al, (2010) 7.70 8121 0.2* 0.77 
Barbosa et al, (2010) 13.70 9932* 0.18* 1.37 Barbosa et al, (2010) 9.40 9745 0.2* 0.94 
Barbosa et al, (2010) 15.00 10875* 0.18* 1.50 Barbosa et al, (2010) 15.50 13195 0.2* 1.55 
Barbosa et al, (2010) 21.80 15805* 0.18* 2.18 Barbosa et al, (2010) 22.20 16672 0.2* 2.22 
Brencich and Gambarotta 
(2005) 
19.90 2600 0.07 1.99 Brencich and Gambarotta 
(2005) 
11.39 335 0.2* 1.14 
Das et al, (2013) 28.60 20735* 0.18* 2.86 Das et al, (2013) 21.00 13000* 0.2* 2.10 
Izquierdo et al, (2012) 11.16 8091* 0.18* 1.12 Izquierdo et al, (2012) 6.50 4000 0.2* 0.65 
Mohamad et al, (2007) 18.20 13195* 0.18* 1.82 Mohamad et al, (2007) 2.29 2042 0.2* 0.23 
Ramamurthy et al, (2000) 6.74 4886* 0.18* 0.67 Mohamad et al, (2007) 4.20 4033 0.2* 0.42 
Ramamurthy et al, (2000) 13.48 9773* 0.18* 1.35 Mohamad et al, (2007) 8.63 6409 0.2* 0.86 
Ramamurthy et al, (2000) 17.56 12731* 0.18* 1.76 Mohamad et al, (2007) 19.90 11230 0.2* 1.99 
Ramamurthy et al, (2000) 19.75 14319* 0.18* 1.98 Ramamurthy et al, (2000) 5.00* 3000* 0.2* 0.50 
* Assumed value 
        
** Tensile strength was assumed 10% of compressive strength 
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The parameters α (tension parameter) and β (compression parameter) are affected by 
the stress ratios since these are dependent on the stress paths. The parameter γ which 
is used to simulate dilatation is path independent and thus only required to be calibrated 
for uniaxial compression stress path.  
Further the state of stress in these materials was assumed to be affected by the thickness 
of the mortar joint. For this purpose, four joint thicknesses and corresponding triaxial 
stress ratios were considered for units and mortar (Table 5.3). For the selection of 
confinement ratios of mortar and biaxial tension-compression ratios of units and the 
expected peak strengths corresponding to each stress ratio, the experimental studies of 
McNary and Abrams (1985) were closely followed. To simulate the strength variation 
due to changes in joint thickness; a range of stress ratios for biaxial tension-
compression stress state has been selected; similarly, for increasing confinement in 
mortar joint, gradual increase in the triaxial confinement stress ratios has been assumed 
as shown in Table 5.3. 
Table 5.3: Stress paths used for triaxial stress states of units and mortar 
Joint 
Thickness 
Stress ratios for Units Stress ratios for mortar 
   Peak 
Strength 
   Peak 
Strength ≥ 10 mm -1 0.2 0.2 
 
0.7 fuc -1 0 0 
 
fmc 
≥   4 mm -1 0.1 0.1 
 
0.75 fuc -1 -0.02 -0.02 
 
1.2 fmc 
≥   2 mm -1 0.07 0.07 0.8 fuc -1 -0.04 -0.04 
 
1.5 fmc 
<   2 mm -1 0.05 0.05 0.9 fuc -1 -0.06 -0.06 1.7 fmc 
 
5.3.2 Evaluation of Ro 
The parameter Ro defines the initiation of cracking and hence it defines the initial size 
of the damage threshold surface 0f . The microcracks were assumed to commence 
at 30% of compressive strength of masonry composite (Ozhan and Cagatay, 2014). 
This parameter was derived for 30% of compressive strength cf at which damage 
was assumed to start occurring in the form of micro-cracks. Eq. (5.13) represents the 
damage initiation. This equation implies: 
     Ro RR               (5.35) 
The resultant energy release rate vector 𝑅𝑅 was determined for the uniaxial 
compression case using Eq. (5.6), Eq. (5.7) and Eq. (5.8). By substituting the 
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parameters in the elastic properties matrix for the case of uniaxial compression in terms 
of the applied stress in Eq. (5.6) of strain energy the complementary energy function 
of the stresses can be determined using (5.34): 
 
 
   23
2
2
2
1
2
112
1
.






oE
C   0(  for uniaxial compression)       (5.36) 
Differentiating (5.36) with respect to i  and substituting into (5.7), yields 
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

oE
R                             (5.37c) 
From symmetry,   32  and 01   (by virtue of Eq. (5.37a). Thus, 
     
 5
2
32
1 



oE
RR                                       (5.38) 
Using Eq. (5.38), the resultant energy release vector in Eq. (5.35) with the values of 
stress and , will yield an expression for oR  given in Eq. (5.39). 
   
o
cc
o
E
f
R
2)3.0(2
                                  (5.39) 
Where, 
 c  corresponding to uniaxial compressive strength (See Section 5.3.4 for details)  
ucc ff   (for units compressive strength) and mcc ff  (for mortar compressive 
strength) 
uoo EE   (for units elastic modulus) and moo EE   (for mortar elastic modulus) 
 
5.3.3 Evaluation of Rc 
The parameter cR  is the critical energy release rate and is the magnitude of the energy 
release rate vector when the loading surface f reaches the final damage surface F 
(Figure 5.5). The damage growth is governed by this factor. It also characterises the 
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failure in the material. In this study, cR  was derived in terms of crushing strain and 
maximum damage parameter using Eq. (5.14) which implies: 
     cR RR               (5.40) 
For the case of uniaxial compression, the stress-strain relationship from Eq. (5.8) is:
    
   
 




2
1
2
3
2
2
1
11


 o
E
                   (5.41) 
Exploiting symmetry,   32  and 01  , yields 
       41 oE                  (5.42) 
Substituting σ in Eq. (5.38), energy release rate becomes 
      2332 1   oERR                      (5.43) 
The resultant energy release rate in Eq. (5.40) is determined by its components in Eq. 
(5.43) as, 
      2312  cocc ER                          (5.44) 
Where, 
 c  corresponding to uniaxial compressive strength (See Section 5.3.4 for details)  
ω = Maximum damage of the material  
uoo EE   (for units elastic modulus) and moo EE   (for mortar elastic modulus) 
ε = Crushing strain of the material 
 
5.3.4 Evaluation of α, β and γ 
The behaviour of units and mortar of varying strengths is simulated through different 
magnitudes of α and β. The parameter γ accounts for volumetric change in the material. 
In order to prevent the parameters to be restricted to a particular set of data, polynomial 
relations of these parameters in terms of strength, elastic modulus and strain invariants 
were derived for each constituent by using multivariate regression method.  
For uniaxial stress paths, the parameters  ,  and   were determined as functions of 
initial modulus of elasticity oE  uniaxial compressive strength cf and uniaxial tensile 
strength tf . The suggested polynomials for these parameters under uniaxial stress states 
are shown in Eq. (5.45) to Eq. (5.47). This form of polynomials to determine the 
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damage parameters proposed by Khan et al, (2007) was slightly modified from the 
original and was determined to be fitting most of the experimental data well.  
For uniaxial tension:    and for uniaxial compression:     
                              tooto fEEf  321                 (5.45) 
                              cooco fEEf  321          (5.46) 
                              cooco fEEf  321             (5.47) 
Where, 
tf  – Tensile strength of the material = utf  for units and mtf  for mortar. 
cf  – Compressive strength of the material = ucf  for units and mcf  for mortar. 
oE  – Initial tangent modulus of the material (same in tension and compression) = uoE  
for units and moE for mortar. 
)3,2,1,0(,, iiii  - Coefficients of the polynomials to be determined by regression 
analysis. For multiaxial stress paths, along with strength and elastic modulus, 
normalised strain invariants )( 31 I  and )(
2
32 eJ   were also used to carry out the 
regression and for deriving polynomials; where iiI 1  is the first invariant of strain 
tensor and   ijijeeJ 212   is the second invariant of the deviatoric strain tensor. Here
3  and 3e represent the minor principal and deviatoric strain, respectively. The 
suggested polynomial relations for   and   are shown in Eq. (5.48) to Eq. (5.51).  
- For biaxial tension-compression stress state:  
2
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- For triaxial compression stress state:  
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1
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e
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e
J
Ef
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EfEf ococococo

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
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


         (5.49) 
Where,  
toioitiii fEEf  4321   )3,2,1,0( i            (5.50) 
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coioiciii fEEf  4321   )3,2,1,0( i                      (5.51)
)3,2,1,0(),3,2,1,0(,  jiijij  are coefficients of the polynomials which were 
determined for the corresponding peak strengths, elastic modulus and the considered 
stress ratios by using multivariate regression method. In order to determine the 
coefficients of the polynomials a two phase regression was carried out as shown in 
Figure 5.7. In the first phase, for uniaxial stress paths, for a particular value of tc ff ,  
and oE the parameters  and  were determined such that it matched the peak stress 
using the data shown in Table 5.2. Trial and error method was used for this purpose. 
The damage stiffness matrix with limiting surfaces relations described in Section 5.2 
were used to simulate the stress-strain response. The parameter   was determined for 
uniaxial compression case by computing the volumetric strain, 321  v . Again 
by trial and error, the value of   for which the volumetric strain showed dilatation 
(negative value) was chosen. Finally the computed data containing values of  , and
 was regressed against the values of tc ff , and oE to obtain the coefficients iii  ,, of 
the polynomials. 
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Figure 5.7: Two-phase regression process for the masonry constituents 
In the second phase, for triaxial stress paths, the data shown in Table 5.3 were used. 
The parameters  (Biaxial tension-compression) and  (triaxial compression) were 
determined by trial and error for each listed stress ratio to give the corresponding peak 
stress for all the strengths listed in Table 5.2. The values were then regressed against 
the strain invariants )( 31 I  and )(
2
32 eJ  computed for the selected stress ratios to find 
out 321 ,,, o or 321 ,,, o  for each listed strength ( cf  or tf ). The final 
coefficients 4321 ,,, iiii  or 4321 ,,, iiii   were determined by regressing the 
computed values of 321 ,,, o or 321 ,,, o  against the values of tc ff , and oE  
(see Figure 5.7). These parameters are sensitive to the unit of measurement (must be 
MPa) and are given below: 
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0
0
109709.7107205.5105707.22055.571 431


 


 uoutuout EfEf
      (5.52) 
• α, β and γ for Biaxial Tension-Compression of Units: 
0
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• α, β and γ for Uniaxial Compression of Units: 
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• α, β and γ for Uniaxial Tension of Mortar: 
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• α, β and γ for Uniaxial and Triaxial Compression of Mortar:    
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  (5.56) 
5.4 Computational algorithm  
The stress-strain behaviour of masonry prisms was computed by incorporating the 
damage constitutive model calibrated for masonry units and combined mortar and unit-
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mortar interface/dry surface-interface into a computational algorithm as shown in 
Figure 5.8.  
 
Figure 5.8: Computational algorithm for predicting the average strength of masonry 
 
A FORTRAN code was developed for strain controlled computation of the damage of 
the constituents from which the mean strength of tri-stacked masonry prisms was 
determined. Input parameters were the uniaxial compressive strength, the elastic 
modulus, the Poisson’s ratio of the units and the mortar, the thickness of mortar joint, 
the height, face shell width and bed joint width of the units and the initial interstices 
parameter. This material model considers masonry as a composite and computes the 
average properties of the masonry through the algorithm shown in Figure 5.8 based on 
the weighted average stress of the constituents. At each strain increment, in a loop, 
step by step computations were performed for masonry units and combined mortar and 
unit-mortar interfaces/dry interfaces. The stresses were determined in both masonry 
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constituents (separately) using the developed progressive softening and stiffening 
models. The weighted average stress over the height of the specimen was determined 
using the stress in the unit for its height and the ratio of width of the face shells to 
width of the bed joint (for solid blocks, this ratio is 1.0) and the mortar stress for its 
thickness at each strain increment to determine the average stress in the masonry 
composite. 
During the progressive stiffening phase, the joints strained more than the units and 
hence relatively more energy was released from the joints. When the initial interstices 
were crushed the model switched to the progressive softening phase by maintaining 
the strain compatibility. The computational steps are marked in Figure 5.8 in 
alphabetical order; the same are described as follows: 
a- Input parameters for this code were the uniaxial compressive strength, 
elasticity modulus, Poisson’s ratio of the units and mortar, thickness of the 
joint, height of the units, face shell width and bed joint width of the units, initial 
specified interstices value for the interface and the number of increments.  
b- The stress ratios for units and mortar were set according to the thickness of the 
joints as already shown in Table 5.2.  
c- All the variables were initialised as zero in the beginning. 
d- Normalised strain invariants (I1/3) and (J’2/e32) were determined for the set 
stress ratios and input properties using Eq. (5.57) and Eq. (5.58). 
3
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 eee          (5.59) 
e- The parameters  ,,,, co RR were determined for masonry components (unit 
and mortar) for given material properties and normalised strain invariants using 
the proposed combinations.  
f- At each strain increment computations were performed for masonry units and 
unit-mortar interfaces or dry interfaces in another sub loop.  
g- The damage stiffness matrix was computed using Eq. (5.8). The derivative of 
stiffness matrix wass also determined to compute the energy release rate vector. 
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h- The energy release rates in the principal direction 1 for compression 
(progressive stiffening) and in the directions 2 and 3 for tension (progressive 
softening) were calculated and their resultant was computed as the energy 
release vector. 
j- Decision statement 1: the resultant energy release vector was then compared 
with Ro (only for the progressive softening model). 
k- In the progressive softening model where the value of energy release rate 
exceeded the value of Ro, the damage increment was computed. Whereas, the 
damage due to interstices crushing was determined for the progressive 
stiffening model. 
m- If the resultant energy release rate was under the value of Ro, the damage 
increment was zero in the progressive softening model. 
n- Decision statement 2: If the material loop (designated by k) was on mortar layer 
(k=2) and the strain was less than or equal to the threshold strain, the code 
jumped to step q. 
p. The stresses were computed using the damage matrix for the given strain 
increment. 
q. The stress in the mortar-interface or the dry interface was computed for the 
progressive stiffening behaviour for that strain increment. 
r. The stresses of unit and mortar were averaged for each strain increment to find 
the weighted average stress in the three courses masonry prism from Eq. (5.60): 
)23(
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
           (5.60) 
Where, m - average stress in masonry, u - stress in unit, mr - stress in joint,  
uH - unit height, jt - joint thickness, fsW - face shell width, bW - bed joint width 
s. Decision statement 3: Increment number was checked and the energy release 
vector was compared with critical energy release rate
cR . The process was 
looped over the given number of increments or until the critical energy release 
rate was reached. 
The output files were generated in the form of EXCEL sheets that included the strains 
increments, corresponding stresses in the units and the mortar separately and the 
average stress of the masonry prisms. 
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5.5 Masonry compressive stress-strain predictions from the model 
The compressive stress-strain behaviour of mortared and drystack masonry prism and 
wallette (illustrated in Figure 5.9) was predicted using the model described in Sections 
5.1 to 5.4.  
  
Figure 5.9: Specimen of masonry prism considered in the model 
 
The predicted stress-strain curves for mortared masonry and drystack masonry are 
shown in Figure 5.10(a) and Figure 5.10(b) respectively.  
 
Figure 5.10: Average compressive stress-strain prediction for masonry prisms and 
wallettes (a) Mortared masonry (b) Drystack masonry 
 
The unit strength ucf  was varied from 10 MPa to 20 MPa. For mortared masonry 
analyses, mortar thickness and strength were kept constant as 10 mm and 5 MPa 
respectively. For drystack masonry analyses, the interface thickness was kept as 0.1 
mm. It can be seen that the masonry strength increases with the increase in the unit 
strength similar to the experimental observations reported in the literature (McNary 
and Abrams, 1985; Ramamurthy et al, 2000). The strength of the drystack prisms and 
wallettes is higher than the mortared masonry prisms and wallettes due to absence of 
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mortar and lesser joint thickness. Further, the model also predicted lower strength of 
wallettes compared to that of the prisms for the same properties of the units, mortar 
and joint thickness. The lower strength predicted for wallettes is logical as the wallettes 
have more bed joints and also include the perpend joints. The results are consistent 
with the experimental results of Izquierdo et al, (2012).  
Table 5.4 shows the average compressive strength )( mf  of masonry prisms and 
wallettes corresponding to the different unit strengths. Higher masonry strength for 
drystack prisms and wallettes was observed in comparison to the mortared masonry. 
The increased strength of drystack masonry is attributed to the lesser joint thickness 
and absence of the mortar. The lesser strength of the mortar in comparison to the unit 
strength affects the overall strength of mortared masonry. The modulus of elasticity of 
)( mE was determined from the slope of the data points close to 30% of peak stress.  
Table 5.4: Masonry properties predicted from the model 
Specimen 
(1) 
fuc (MPa) 
(2) 
fm (MPa) 
(3) 
Em (MPa) 
(4) 
Em/ fm 
(5) 
fm/ fuc 
(6) 
Mortared masonry results* 
Prism    839 0.53 
Wallette    723 0.46 
Prism    882 0.50 
Wallette    884 0.40 
Drystack masonry results** 
Prism    375 0.65 
Wallette    377 0.52 
Prism    338 0.66 
Wallette   

347 0.53 
*mortar strength = 5 MPa; mortar thickness = 10mm 
 
**Initial joint gap = 0.1 mm 
 
 
The ratio of mm fE  was also computed and shown in column 5 of Table 5.4. This ratio 
varies between 723 and 884 for mortared masonry, which is consistent with the 
recommendation from 700 to 1000 in the Australian Standards of masonry structures, 
AS3700-2011. Conversely, the ratio mm fE for drystack masonry varies from 330 to 
380 which is considerably lower than the mortared masonry. The nonlinear progressive 
stiffening of the dry joints until a larger threshold strain in comparison to mortared 
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joints decreases the slope of the stress-strain curves and thus the elasticity modulus of 
the drystack masonry.  
The efficiency ratio of the prisms and wallettes was computed by taking the ratio of 
prism strength to the unit strength )( ucm ff . The efficiency ratio is shown in column 6 
of Table 5.4. The average efficiency ratio of 0.52 for the mortared prisms and 0.43 for 
the mortared wallettes and 0.65 for the drystack prisms and 0.52 for the drystack 
wallettes was observed.  
5.6 Validation of model predictions with the experimental results 
The developed computational code was validated by comparing the predicted 
compressive stress-strain curves with the available experimental curves for drystack 
and mortared masonry. 
5.6.1 Validation for drystack masonry 
The developed analytical damage model was used to simulate the compressive stress-
strain behaviour of drystack masonry and the results were validated with the 
experimental results reported in Chapter 3 and other available experimental results. 
For simulating the prisms tests reported in Chapter 3, the unit strength was input as 25 
MPa as prescribed by the manufacturer and the joint thickness was kept as 0.1 mm as 
observed from the experiments. The average strength of bi-stacked prisms with single 
dry interface was computed.  The predicted stress strain curves are shown in Figure 
5.11 along with the experimental curves. The model predicted the strength of the 
prisms conservatively and the trend matched well with the experimental data. The 
nonlinear progressive stiffening in the initial region, peak stress and post peak response 
is similar to the experiments.  
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Figure 5.11: Comparison of analytical model with the experiments on bi-stacked prisms 
 
Figure 5.12 shows the prediction of the present model with the experimental stress-
strain curves of Jaafar et al, (2006). The strength of the interlocking hollow concrete 
blocks was 23.4 MPa. It can be observed that the results with progressive stiffening 
model compare well with the experimental curves. Moreover, the model is also able 
to capture the peak and post-peak response until failure. 
 
Figure 5.12: Comparison with experimental results of Jaafar et al, (2006) 
 
The model was also examined using the experimental results of Andreev et al, (2012), 
who tested ceramic refractory interior lining bricks made of magnesia chromite having 
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compressive strength of 55 MPa. Analyses were run with two 55 MPa units and one 
dry interface. The predicted stress-strain relationship of the drystack prisms is shown 
in Figure 5.13; the experimental curves are also presented. From the results, it can be 
concluded that the developed progressive stiffening model is essential to represent the 
dry interfaces and the overall behaviour of drystack masonry effectively. 
 
 
Figure 5.13: Comparison with experimental results of Andreev et al, (2012) 
 
5.6.2 Validation for mortared masonry  
The developed analytical damage model was employed to simulate the mortared 
masonry stress-strain relationship and validated with some experimental curves from 
the literature. 
Thamboo et al, (2013) tested prisms under compression made from hollow concrete 
blocks of dimensions 390 × 90 × 90 mm using conventional and polymer mortar. The 
strength of the blocks used was 12.47 MPa with elasticity modulus of 10,000 MPa, 
whereas the strength of the mortar was 3.59 MPa with Young’s modulus of 3500 MPa. 
These data were used in the developed computational model to generate the stress 
strain curves of prisms with conventional 10 mm thick joints. The predicted results are 
plotted in Figure 5.14 along with the experimental data. The model prediction agrees 
well with the experimental curves. 
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Figure 5.14: Comparison of model with experiments of conventional (10mm thick) 
mortared masonry by Thamboo et al, (2013) 
 
The model comparison with the polymer mortar (2mm thick mortar layer) specimens 
is shown in Figure 5.15. From the Figure 5.15, it is obvious that the present model 
could be used for the prediction of the behaviour of the polymer mortar masonry. 
 
Figure 5.15: Comparison of model with experiments of thin (2mm thick) layer 
polymer mortared masonry by Thamboo et al, (2013) 
 
The analytical model was also validated using the experimental stress strain curves of 
Barbosa et al, (2010) where the authors used hollow concrete blocks of size 390 ×190 
× 140 mm and strengths of 11.2, 13.7, 15.0 and 21.8 MPa (average ~15MPa). The 
average strength was used in the analytical model. The mortar strengths used were 7.7, 
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9.4, 15.5 and 22.2 MPa with the average of about 13.7 MPa. The model was run for 
the conventional mortar thickness of 10 mm and the average block and mortar strength 
as indicated. The results are depicted in Figure 5.16. The slope and trend of the curves 
are matching well and in good agreement with the experimental values. 
  
Figure 5.16: Comparison of model with experiments of Barbosa et al, (2010) 
 
Figure 5.17 shows the comparison of model results with the experimental results of 
Mohamad et al, (2007). They tested hollow concrete block prisms with different 
strength mortar layers. The strength of the block used was 18.2 MPa and the size was 
390×190×140 mm. The mortar strengths used were 2.29, 4.2, 8.63 and 19.9 MPa. The 
average mortar strength (8.75 MPa) was used along with 10 mm joint thickness and 
other data mentioned above to find the average stress strain behaviour of masonry 
prisms. The model result agrees quite well with the experimental curve.  
 
Figure 5.17: Comparison of model with experiments of Mohamad et al, (2007) 
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5.7 Summary 
This chapter has reported the formulation of analytical damage model for mortared 
and drystack masonry. The mortar-interface and dry interface behaviour have been 
simulated by calibrating a nonlinear progressive stiffening model until the set 
threshold strains. The principles of damage mechanics were employed to simulate the 
unit behaviour and joint behaviour after threshold strains. The average stress-strain 
response has been predicted and the model predictions have matched well with the 
experimental results presented in Chapter 3. In addition, the available experimental 
results in the literature for various kinds of masonry i.e. conventional mortared 
masonry, polymer mortar bonded thin bed masonry and drystack masonry have also 
been validated.  
A parametric study has been conducted for the developed analytical model. The 
sensitivity of the progressive stiffening model and other influencing parameters e.g. 
unit strength, mortar strength, joint thickness and height of unit to joint thickness ratio 
is presented in Chapter 6.  
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CHAPTER 6: PARAMETRIC STUDY FOR ANALYTICAL 
DAMAGE MODEL 
6.1 Introduction 
This chapter presents the sensitivity analysis of parameters affecting the compression 
response of masonry. The effectiveness of the nonlinear progressive stiffening 
constitutive model used in the simulation of mortar-interface and dry interface 
behaviour has been examined for the prediction of the masonry compressive 
behaviour. Additionally, the influence of the following input parameters to the 
masonry compressive strength has been examined and discussed: 
 unit strength  
 mortar strength  
 mortar joint thickness 
 ratio of the unit height to the mortar joint thickness  
Furthermore, strength predictions of the model and that of some selected national 
masonry standards and other analytical model from the literature are also presented in 
this Chapter.  
6.2 Effectiveness of the progressive stiffening model for the masonry 
strength prediction 
The analytical model formulated in the Chapter 5 considers a nonlinear progressively 
stiffening response for the mortar-interface and dry interface until a threshold strain. 
The model is shown capable of reproducing the stress-strain curves determined from 
the experiments reported in Chapter 3 and several other experimental results reported 
in the literature (in Chapter 5). However, the effectiveness of inclusion of the 
progressive stiffening model to the overall behaviour of masonry especially the 
conventional mortared masonry under compression is not clear. Effectiveness of the 
progressive stiffening model in predicting the masonry compressive behaviour has, 
therefore, been examined by varying the magnitude of the threshold strain. The 
usefulness of the progressive stiffening model is shown with reference to drystack and 
mortared masonry systems. 
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6.2.1 Effectiveness of the progressive stiffening model for drystack masonry 
To study the effectiveness of the progressive stiffening model, the FORTRAN code 
(shown in Figure 5.8) was run for two values of the threshold strain: (1) zero (to 
eliminate the nonlinear progressive stiffening model) and (2) 0.002 (the value observed 
from the experiments in Chapter 3). The model predictions for the varied unit strength 
)( ucf  from 5 MPa to 20 MPa were examined using both threshold strain values. The 
predicted stress-strain curves of the drystack masonry prisms are presented in Figure 
6.1.  
 
 
Figure 6.1: Effectiveness of progressive stiffening model for drystack masonry 
(comparison with and without progressive stiffening model) 
 
Large difference could be observed in the shapes of the curves with (threshold strain 
– 0.002) and without progressive stiffening model (threshold strain – zero). The peak 
stress is larger and is attained at an earlier stage if the progressive stiffening model is 
not included. The masonry strength predictions with progressive stiffening model were 
observed lower with an efficiency ratio of about 0.65 which is compared well with 
experimental results presented in Figure 3.21 in Chapter 3. Thus, without progressive 
stiffening model, the exact behaviour and strength of the drystack masonry cannot be 
determined. 
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In order to study the efficiency of the drystack prisms with different magnitudes of 
threshold strains, the analytical model was run for constant unit strength of 20MPa and 
threshold strains of 0, 0.001, 0.002 and 0.003. The efficiency ratio was computed for 
each case and is presented in Figure 6.2.   
 
Figure 6.2: Efficiency ratio of drystack prism with variation of threshold strain 
 
The level of threshold strain describes the level of unevenness (interstices) in the 
contact interface of the drystack masonry; with the increase in threshold strain, the 
efficiency of the drystack prism was reduced which is attributed to excessive crushing 
of the joints having larger number of interstices. It can be concluded that efficiency of 
the drystack masonry is highly dependent on the contact surface unevenness; larger 
the unevenness lesser would be the efficiency. 
 
6.2.2 Effectiveness of the progressive stiffening model for mortared masonry 
Masonry stress-strain curves predicted with and without the progressive stiffening 
behaviour of the mortar-interfaces were examined by inputting the threshold strain as 
(1) 0.0005 and (2) zero. Unit strength )( ucf was varied from 5 MPa to 20 MPa; mortar 
joint thickness was input as 10 mm and the mortar strength was kept as 5 MPa. The 
predicted stress-strain curves of the masonry are presented in Figure 6.3. The 
progressive stiffening model showed its effectiveness only up to the prescribed 
threshold strain and the difference in the predicted masonry strength was not larger in 
both the cases. It can, therefore, be concluded that the effectiveness of the progressive 
stiffening model for the traditional mortared masonry is not significant. 
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Figure 6.3: Effectiveness of progressive stiffening model for mortared masonry 
(comparison with and without progressive stiffening model) 
 
6.3 Influence of input parameters variation to the masonry compressive 
strength 
A total of 40 datasets were collected from the literature. The datasets consisted of the 
following parameters: 
1. Specimen type (prism or wallette) 
2. Unit strength )( ucf  
3. Mortar strength )( mcf   
4. Unit size (L× Hu × T) 
5. Joint thickness (tj) 
6. Height of unit to joint thickness ratio )( ju tH  
The effect of variation of these input parameters to the predicted masonry strength 
using the analytical model was studied. The analytical damage model presented in 
Chapter 5 was run for each of these 40 datasets and the results are presented in Table 
6.1. The average compressive strength )( mf  and elastic modulus )( mE determined from 
the predicted stress-strain behaviour of masonry prisms/wallettes under compression 
are presented in Columns 9 and 10 of Table 6.1 respectively. 
 
 
Table 6.1: Comparison of model masonry strength with experimental strength 
 
No.
Reference & Specimen 
Type
Unit type 
(L×Hu×T)
Joint 
Thickness 
(tj)
Hu/tj
Mean Unit 
strength   
(f uc)
Mean Mortar 
strength   
(f mc)
Experimental 
Masonry 
compressive 
strength (f m )
Present Model 
Masonry 
compressive 
strength (f m )
Present  Model 
Masonry elastic 
modulus (E m )
Efficiency Ratio             
f m /f uc            
(From Model)
Ratio of 
Experimental f m             
/ Model f m 
(mm)  (MPa)  (MPa)  (MPa)  (MPa)  (MPa)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
1
Andolfato et al. (2004) 
(Prisms)
Concrete hollow 
(390×190×190)
10 19.0 7.94 4.90 6.13 5.70 3644 0.72 1.08
2
Andolfato et al. (2004) 
(Prisms)
Concrete hollow 
(390×190×190)
10 19.0 8.90 4.90 7.11 6.45 7680 0.72 1.10
3
Andolfato et al. (2004) 
(Prisms)
Concrete hollow 
(390×190×190)
10 19.0 13.38 4.90 10.08 8.00 6291 0.60 1.26
4
Andolfato et al. (2004) 
(Prisms)
Concrete hollow 
(390×190×190)
10 19.0 13.48 4.90 8.19 8.04 6414 0.60 1.02
5
Barbosa et al. (2010)    
(Prisms)
Concrete hollow 
(390×200×140)
10 20.0 13.70 9.40 10.20 9.39 6320 0.69 1.09
6
Barbosa et al. (2010)    
(Prisms)
Concrete hollow 
(390×200×140)
10 20.0 15.00 15.50 12.00 11.84 7058 0.79 1.01
7
Barbosa et al. (2010)    
(Prisms)
Concrete hollow 
(390×200×140)
10 20.0 21.80 22.20 16.90 16.17 10120 0.74 1.05
8
Barbosa et al. (2010)    
(Prisms)
Concrete hollow 
(390×200×140)
10 20.0 11.20 7.70 10.00 7.74 5175 0.69 1.29
9
Binda et al. (1988)     
(Wallettes)
Solid clay brick 
(250×55×120)
10 5.5 26.90 3.20 11.00 9.60 8790 0.36 1.15
10
Binda et al. (1988)     
(Wallettes)
Solid clay brick 
(250×55×120)
10 5.5 26.90 12.70 14.50 12.16 9677 0.45 1.19
11
Binda et al. (1988)     
(Wallettes)
Solid clay brick 
(250×55×120)
10 5.5 26.90 95.00 17.80 15.10 12620 0.56 1.18
12
Brencich and Gambarotta 
(2005)  (Prisms)
Solid clay brick 
(240×55×110)
10 5.5 19.90 11.39 9.90 9.00 3300 0.45 1.10
13
Das et al. (2013)               
(Prisms)
Concrete hollow 
(400×200×200)
10 20.0 28.00 21.00 22.30 19.51 12790 0.70 1.14
14
Fortes et al. (2013)   
(Prisms)
Concrete hollow 
(390×200×140)
2 100.0 9.20 6.10 7.40 6.70 4090 0.73 1.10
15
Fortes et al. (2013)   
(Prisms)
Concrete hollow 
(390×200×140)
2 100.0 16.30 6.10 11.00 10.30 7110 0.63 1.07
16
Haach et al. (2014) 
(Wallettes)
Concrete hollow 
(390×190×190)
10 19.0 27.40 3.80 10.70 10.02 8749 0.37 1.07
17
Izquierdo et al. (2012) 
(Prisms)
Concrete hollow 
(390×200×140)
10 20.0 11.16 6.50 7.82 6.88 5042 0.62 1.14
18
Izquierdo et al. (2012) 
(Wallettes)
Concrete hollow 
(390×200×140)
10 20.0 11.16 6.50 4.62 4.47 4009 0.40 1.03
 
 
19
Khalaf et al. (1994)         
(Prisms)
Concrete hollow 
(390×190×190)
10 19.0 19.44 7.36 17.80 12.33 11792 0.63 1.44
20
Khalaf et al. (1994)         
(Prisms)
Concrete hollow 
(390×190×190)
10 19.0 19.44 21.20 21.40 13.41 11902 0.69 1.60
21
Khalaf et al. (1994)         
(Prisms)
Concrete hollow 
(390×190×190)
10 19.0 19.44 12.32 17.40 12.90 11847 0.66 1.35
22
McNary & Abrams (1985)             
(Prisms)
Solid clay brick 
(194×55×89)
10 5.5 44.00 21.00 34.70 27.04 16165 0.61 1.28
23
McNary & Abrams (1985)             
(Prisms)
Solid clay brick 
(194×55×89)
10 5.5 44.00 31.10 37.70 33.69 16520 0.77 1.12
24
Mohamad (1998)                   
(Prisms)
Concrete hollow 
(390×90×90)
10 9.0 15.70 5.40 8.80 8.31 6902 0.53 1.06
25
Mohamad (1998)                   
(Prisms)
Concrete hollow 
(390×90×90)
7 12.9 15.70 4.90 11.70 9.51 6940 0.61 1.23
26
Mohamad et al. (2007)    
(Prisms)
Concrete hollow 
(390×200×140)
10 20.0 18.20 19.90 10.56 9.66 7960 0.53 1.09
27
Ramamurthy et al.. (2000)                   
(Prisms)
Concrete hollow 
(390×200×190)
10 20.0 19.75 4.27 14.11 10.20 8604 0.52 1.38
28
Ramamurthy et al.. (2000)                   
(Prisms)
Concrete hollow 
(390×200×190)
10 20.0 13.48 4.27 11.00 7.30 5967 0.54 1.51
29
Ramamurthy et al.. (2000)                   
(Prisms)
Concrete hollow 
(390×200×190)
10 20.0 19.75 5.00 14.42 10.86 8713 0.55 1.33
30
Ramamurthy et al.. (2000)                   
(Prisms)
Concrete hollow 
(390×200×190)
10 20.0 13.48 5.00 11.21 8.00 6077 0.59 1.40
31
Ramamurthy et al.. (2000)                   
(Prisms)
Concrete hollow 
(390×200×190)
10 19.0 6.74 4.27 6.43 5.00 3121 0.74 1.29
32
Thamboo et al. (2013)               
(Prisms)
Concrete hollow 
(390×90×90)
10 9.0 12.47 3.59 6.94 6.37 6023 0.51 1.09
33
Thamboo et al. (2013)               
(Prisms)
Concrete hollow 
(390×90×90)
4 22.5 12.47 3.59 8.29 7.33 6055 0.59 1.13
34
Thamboo et al. (2013)               
(Prisms)
Concrete hollow 
(390×90×90)
2 45.0 12.47 3.59 9.15 8.38 6076 0.67 1.09
35
Thamboo et al. (2013)               
(Prisms)
Concrete hollow 
(390×90×90)
5 18.0 18.43 3.59 9.16 8.97 7974 0.49 1.02
36
Thamboo et al. (2013)               
(Prisms)
Concrete hollow 
(390×90×90)
2 45.0 18.43 3.59 12.05 11.75 8044 0.64 1.03
37
Venkatarama Reddy et. al. 
(2009)    (Prisms)
Soil Cement Block 
(305×143×100)
6 23.8 5.00 3.45 3.88 3.79 2527 0.76 1.02
38
Venkatarama Reddy et. al. 
(2009)    (Prisms)
Soil Cement Block 
(305×143×100)
12 11.9 5.00 3.45 3.63 3.32 2486 0.66 1.09
39
Venkatarama Reddy et. al. 
(2009)    (Prisms)
Soil Cement Block 
(305×143×100)
20 7.2 5.00 3.45 3.38 3.20 2450 0.64 1.05
40
Venkatarama Reddy et. al. 
(2009)    (Prisms)
Soil Cement Block 
(305×143×100)
30 4.8 5.00 3.45 3.25 3.20 2450 0.64 1.02
0.61 1.17Average Ratio
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The mean compressive strength of masonry from the experimental data is presented in 
Column 8 of Table 6.1. The model predictions were conservative - a distinctive feature 
expected of any analytical model for reliable implementation in design as can be 
observed from the ratio of experimental masonry strength to the model masonry 
strength presented in Column 12 of Table 6.1.  
The efficiency ratio was also determined for each dataset and is presented in Column 
11 of Table 6.1. The efficiency ratio depends on two major factors: thickness of mortar 
joint and the difference between the unit and mortar strength (Venkatarama Reddy et 
al, 2009; Fortes et al, 2013). When the thickness of the joint decreased from 10 mm to 
2 mm, the masonry strength and the efficiency ratio was increased. This trend is 
obvious from the Table 6.1. Furthermore, when the difference between the strength of 
unit and mortar is lesser, higher masonry strength and efficiency ratio were obtained 
in comparison to the cases when the same units were bonded with lower strength 
mortars (or a large deviation of unit and mortar strengths) as can be seen in the dataset 
numbers 19-23 of Table 6.1.  
6.3.1 Variation of masonry strength with the unit compressive strength 
Figure 6.4 shows the variation of masonry strength with the increase in the unit 
strength.  
  
Figure 6.4: Effect of variation of unit compressive strength to masonry compressive 
strength 
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Experimental data selected from Table 6.1 with the joint thickness of 10 mm and the 
mortar strength of approximately 5 MPa are presented with the predicted data. The 
experimental data had scatter with a regression coefficient of 8.02 R as shown in 
Figure 6.4. The scatter in the model prediction was comparatively lesser and a trend 
line with 93.02 R  was fitted to the predicted strength datasets. It can be seen from the 
two trend lines, that the model predictions were consistently conservative compared to 
the experimental datasets, thus the model can be safely used to determine the masonry 
compressive strength for design purposes. Typically a threefold increase in unit 
strength has caused approximately a twofold increase in masonry strength for cases 
where 10mm thick mortar layers of average compressive strength 5MPa was used. 
6.3.2 Variation of masonry strength with the mortar compressive strength 
Masonry strength is affected by the mortar type (here represented by its compressive 
strength for modelling purposes). Increase in mortar strength causes only a marginal 
increase in masonry compressive strength. The experimental datasets selected from 
Table 6.1 corresponding to the constant joint thickness of 10 mm and mean unit 
compressive strength of approximately 13 MPa are shown Figure 6.5 with 
corresponding predictions from the analytical model.  
 
Figure 6.5: Effect of variation of mortar compressive strength to masonry 
compressive strength  
 
It can be seen from Figure 6.5 that the higher the mortar strength, the higher the 
masonry strength. The model predictions were consistently lower than the 
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experimental data, which indicate that the model predictions are safe. The present 
model predictions were quite consistent with correlation coefficient of 84.02 R . For 
approximately a threefold increase in mortar strength, a 1.7-fold increase in masonry 
strength was shown to result. This shows the effect of mortar is slightly smaller than 
the effect of unit strength for masonry compressive strengths. It should also be noted 
that even if the mortar strength was increased higher than the unit strength (See dataset 
numbers 6, 7, 11, and 26 of Table 6.1) its effect on the masonry strength is not that 
significant and it remained below the strength of unit. 
6.3.3 Variation of masonry strength with the mortar joint thickness 
Masonry strength increases with the reduction in mortar joint thickness since the 
congruity between the masonry units and mortar layers increases. The model was 
calibrated for different confinement ratios of mortar under triaxial compression which 
was increased gradually with the reduction in the joint thickness as described in 
Section 5.3.1 of Chapter 5. The model was used to determine the compressive strength 
of masonry for joint thickness in the range of 10 mm to 2mm (Columns 2-4, Table 
6.2). With the reduction in thickness of mortar layer, a gradual increase in the strength 
occurred; the results are presented in Table 6.2. 
Table 6.2: Model compressive strength with joint thickness variation 
fuc 
(MPa) 
(1) 
fm (tj-10mm) 
 (MPa) 
(2) 
fm (tj-4mm) 
 (MPa) 
(3) 
fm (tj-2mm) 
 (MPa) 
(4) 
10 5.3 6.1 7.0 
15 7.1 8.4 9.6 
20 9.8 11.2 12.7 
25 12.0 14.1 15.9 
 
 
The model prediction and the experimental data on masonry compressive strength for 
different mortar joint thickness are presented in Figure 6.6. As discussed before, the 
increase in joint thickness caused reduction in masonry strength. The model prediction 
trend could be seen as conservative in the figure.  
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Figure 6.6: Effect of variation of mortar joint thickness to masonry compressive 
strength 
 
An equation has been derived to describe the relationship between the mortar joint 
thickness )( jt  and the average masonry strength )( mf . It can be seen from Figure 6.6 
that the model predictions were very close to the experimental test data. An 
exponential decay trend line was shown to fit the predictions of the present model and 
the experimental results quite well. Based on these regressions, the average relation 
shown in Eq. (6.1) was proposed to represent the effect of thickness of joint to 
masonry. 
     
j
m
t
f
14
                         (6.1) 
In which, masonry strength )( mf  would be predicted in MPa and )( jt should be input 
in mm. 
 
6.3.4 Variation of masonry strength with the unit height to joint thickness (Hu/tj) 
ratio 
Height of block (unit) to thickness of joint ratio )( ju tH is also an important factor when 
masonry strength is concerned. AS3700-2011 allows a correction factor to account for 
the influence of this ratio – the higher the ratio, the larger the proportion of units in the 
masonry and hence higher the masonry strength. The Eurocode does not provide any 
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correction for ju tH ratio and thus only the AS3700-2011 provision is presented in 
Figure 6.7.  
 
(a) Characteristic masonry strength for characteristic unit strength )( ucf  of 5 MPa 
 
(b) Characteristic masonry strength for characteristic unit strength )( ucf  of 10 MPa 
 
(c) Characteristic masonry strength for characteristic unit strength )( ucf   of 15 MPa 
Figure 6.7: Effect of variation of ju tH to masonry compressive strength 
 
Chapter 6 Page 111 
 
Figure 6.7 shows the characteristic masonry strength from the experimental results to 
that of model predictions for varying height of unit to joint thickness ratio. Three 
characteristic unit strengths )( ucf  of 5MPa, 10 MPa and 15 MPa have been considered. 
The scatter of data was similar in both the experimental and the model predictions. In 
order to predict the characteristic strength of masonry, characteristic strength of units 
and mortar were used in the model. Where the characteristic strength of units, mortar 
or masonry was not available from the literature, the characteristic strength )( f  was 
estimated for 95% confidence level using the reported mean strength )( meanf in the 
literature using Eq. (6.2). The coefficient of variation )( vC , where not given, was 
assumed as 15% (AS3700-2011, Appendix B).  
    )64.11( vmean Cff                         (6.2) 
The available experimental data and the corresponding predictions are shown in 
Figures 6.7(a)-6.7(c) for unit compressive strengths 5MPa, 10MPa and 15MPa, 
respectively. General purpose mortar of strength 5 MPa was used in each case. The 
masonry strength computed as per the Australian Masonry Standards (AS3700-2011) 
for different unit strengths with different ju tH ratio is also shown in Figures 6.7(a)-
6.7(c). The AS3700 (2011) method of determining masonry strength is conservative 
for unit strengths more than 10 MPa as could be observed here. Many experimental 
and model strength data points were plotted outside the design standard envelope. 
 
6.4 Comparison of model prediction with the national design standards 
The compressive strength of various kinds of masonry using the damage model 
described in Chapter 5 was predicted and compared with the masonry strength 
determined using the respective clauses of the Australian Masonry Standard AS3700 
(2011) and Eurocode 6 (BS EN 1996-1-1:2005; BSI, 2005). Typical calculations of 
masonry strength (characteristic) from these design standards are included in the 
Appendix A. The properties of the constituents (units and mortar) used in the 
comparative study are shown in Table 6.3.  
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Table 6.3: Properties of units and mortar used for comparison with standards 
 Type Size 
(L  T  
Hu) 
Perforation Characteristic 
Strength 
Bedding 
Type 
Hu/tj 
 
Units 
Clay bricks of 
perforation ≤ 25% 
230 mm  
110 mm  
76 mm 
0%  (Solid) 5 MPa – 50 MPa Full 7.6 
Concrete blocks 
of perforation > 
25% and ≤ 60% 
390 mm  
190 mm  
190mm 
40% 
(Hollow) 
5 MPa – 50 MPa Face shell 19 
Mortar General Purpose 
Type M3 
10 mm 
thick 
- 5 MPa - - 
 
Although hollow concrete block strength ranges commonly between 10 MPa to 25 
MPa, for completeness unit strengths up to 50 MPa were considered; similar data range 
was also reported by Sarhat and Sherwood (2014). 
 
6.4.1 Eurocode 6 
Masonry strength was determined according to Eurocode 6 (BS EN 1996-1-1:2005) 
for five courses stretcher bonded wallettes (as shown in Figure 5.9b) made of units and 
mortar with properties described in Table 6.3. The Eurocode recommends using 
normalised mean compressive strength of units (allowing for unit height to width ratio 
to the unconfined compressive strength of ‘standard’ 100 mm high  100 mm wide 
units) to calculate the characteristic strength of masonry as per EN 772-1, Annex A (for 
details see Appendix A).  
The mean strength of units )( ucf  was first calculated from the characteristic strength 
of units using Eq. (6.2) with an assumed coefficient of variation )( vC of 15%. Then 
normalised compressive strength of units )( bf - was computed using the shape 
correction factor described according to EN 772-1, Annex A for the chosen unit sizes 
(for details see Appendix A). The masonry characteristic strength )( kf  computed as per 
the Eurocode is shown in Figure 6.8 for varying unit strengths for both types (solid 
clay and hollow concrete) of units considered. The characteristic strength )( mf   
predicted by the model presented in this research for stretcher bonded wallettes using 
the prescribed properties of units and mortar is also shown in the figure. The Eurocode 
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predictions were quite close to the predictions of the model. The model predictions 
were about 10% greater than those determined using the Eurocode 6 for the hollow 
concrete block wallettes. 
 
Figure 6.8: Comparison of model characteristic strength predictions with Eurocode 
(EC06) 
 
Sarhat and Sherwood (2014) proposed an empirical relation for the hollow concrete 
block masonry determined from the statistical analysis of 248 experimental datasets as 
shown in Eq. (6.3).  
 
     
18.075.0 )().(886.0 mcucm fff                        (6.3) 
Where,  
mf    = characteristic strength of masonry 
ucf   = characteristic strength of units   
mcf  = characteristic strength of mortar 
Eq. (6.3) is also plotted in Figure 6.8 along with the model and the Eurocode 6 results.  
It can be observed that the present model predictions were consistently closer to the 
predictions of the Eurocode 6 than those of Sarhat and Sherwood (2014) which were 
consistently high. 
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6.4.2 Australian Code (AS3700) 
 
The tri-stacked (three course) prism specimen shown in Figure 5.9(a) was used in the 
determination of the characteristic compressive strength of clay brick and concrete 
block masonry using the analytical model and AS3700-2011. As the characteristic 
strengths of units and mortar were used as input, the output from the model was 
regarded as the characteristic compressive strength of masonry, similar to the 
calculations shown in the Appendix A for AS3700-2011. Figure 6.9 shows the model 
predictions and the strength determined from AS3700-2011.  
 
Figure 6.9: Comparison of model characteristic strength predictions with  
AS3700-2011 
 
It can be observed that the strength of clay brick masonry calculated from the AS3700-
2011 was significantly lower than the strength predicted from the model. AS3700 
(2011) predicted the hollow block masonry strength closer to that of the model 
predictions for block strengths up to 20 MPa, but for higher strength hollow block 
units, the strengths determined from AS3700 (2011) were significantly lower than the 
predictions of the model. The difference was computed for the two unit strengths of 
20 MPa and 30 MPa as marked by the two red lines in Figure 6.9. The results are 
presented in Table 6.4.  
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Table 6.4: Difference in the model and AS3700 predictions 
Unit Strength 
(MPa) 
3-course clay brick prism strength 
Analytical model 
(MPa) 
AS3700-2011 
(MPa) 
% difference 
20 9.75 6.26 37% 
30 13.9 7.67 45% 
 3-course concrete block prism strength 
20 10.7 9.3 13% 
30 15.1 11.4 25% 
 
It can be clearly noted that the difference is significantly larger for the clay brick 
masonry in comparison to the concrete block masonry strength computations. 
Moreover, the difference between the predictions of the model and the AS3700 
provisions was increased with the increase in the unit strength as shown in Figure 6.9. 
As hollow blocks of strength more than 20MPa are not common, perhaps the low 
strengths determined may not have any immediate practical consequence.  
The masonry strength relation (Eq. (6.3) – applicable only for the hollow block 
masonry) proposed by Sarhat and Sherwood (2014) is also plotted in Figure 6.9. It is 
striking to observe that the predictions of the model and that of Sarhat and Sherwood 
(2014) were in good agreement for the whole range of unit strengths considered (5MPa 
– 50MPa). Based on these comparisons, it can be concluded that the AS3700 (2011) 
provisions may require re-calibration as they seem to favour low strength units and 
discourage high strength units.  
6.5 Summary 
This chapter has addressed the effectiveness of nonlinear progressive stiffening 
constitutive model of interfaces for the prediction of the compressive behaviour of 
drystack and mortared masonry. The influence of other input parameters (such as unit 
strength, mortar strength, mortar joint thickness and ratio of unit height to mortar joint 
thickness) was also examined. The predictions were compared with that of the 
Eurocode 6 and AS3700-2011. The following conclusions are drawn from the reported 
work in this chapter: 
 The progressive stiffening model is shown effective for predicting the 
behaviour of drystack masonry. Without the nonlinear progressive stiffening 
model, the strength prediction will be higher than the experimental results. 
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 The model is shown sensitive to the reduction in thickness of the mortar layer; 
its prediction was logical – smaller the joint thicknesses, larger the masonry 
strengths. 
 A threefold increase in unit strength resulted in a twofold increase in masonry 
strength, whereas a threefold increase in mortar strength had a 1.7-fold increase 
in masonry strength.  
 The most effective way of increasing the masonry strength is to use higher 
strength units with smaller mortar layer thickness. 
 The efficiency ratio (masonry strength to unit strength ratio) computed from 
the model prediction has shown an increase with the reduction in joint 
thickness. 
 The formulated modelling method predicted the masonry compressive strength 
conservatively but close to experimental datasets available in the literature and 
thus it can be safely and effectively used for determining the masonry 
compressive strength from the unit and mortar properties for structural design. 
 The strengths predicted by the model were only marginally higher than the 
strengths determined from the Eurocode 6. Eurocode 6 is thus not overly 
conservative. 
 The compressive strength provisions in the Australian Masonry Standard 
AS3700 (2011) resulted in consistently lower strength than those predicted 
from the model – the strengths were approximately 20% lesser for the solid 
clay bricks of 20MPa or lower strength and more than 50% lesser for the solid 
bricks of 30MPa or higher strength. AS3700-2011 appears overly conservative 
especially for higher strength units, which effectively discourage the structural 
designers to use masonry under high compression.  
This chapter has concluded the investigation of the behaviour of drystack masonry 
under compressive loads. Given that the interstices are impediments to compression 
behaviour of drystack masonry, mitigation strategies to potentially reduce the effects 
of these interstices are examined in the following chapter. 
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CHAPTER 7: MITIGATION STRATEGIES FOR THE 
CONTACT SURFACE UNEVENNESS 
7.1 Introduction 
This chapter presents two strategies to mitigate the contact surface unevenness 
encountered in the drystack masonry. The contact surface has been characterised 
through the experimental study presented in Chapter 3 and a micro FE model in 
Chapter 4. The experimental and the numerical studies have concluded that the 
drystack blocks have uneven surface and hard coarse aggregates at some points 
creating high pressure hot-spots on the contact surface. Structurally, high pressure of 
magnitude 77 MPa in a unit of 25 MPa is not acceptable. Further in construction, these 
uneven surfaces can cause rocking of the blocks and safety hazards. Two viable 
strategies to mitigate this problem have, therefore, been considered: 
1. Strategy-I: Grinding of the contact surface of the blocks to increase the 
smoothness and reducing the unevenness. 
2. Strategy-II: Embedding of a material between the contacting surfaces of the 
blocks that can fill the gap and reduce the unevenness. 
Both mitigation strategies were studied numerically using the validated contact surface 
micro FE model formulated in the Chapter 4. For strategy-I, FE analysis of bi-stacked 
prism with smoothly ground surface blocks has been performed under uniform 
compression. For strategy-II, an embedding material has been characterised through 
lab testing. The selected embedding materials are: 
1. Polyurethane (PU) foam – commonly used as a packing foam/filler 
2. Auxetic foam – converted from polyurethane foam, denser than PU foam and 
have negative Poisson’s ratio 
3. Auxetic Fabric – developed by an auxetic yarn of high strength and high 
negative Poisson’s ratio 
The mechanical properties obtained from the testing of the embedded materials have 
been used in the FE analysis of foam/fabric embedded bi-stacked prisms. From the 
results of bi-stacked prisms analyses, an optimum strategy has been selected. 
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7.2 Strategy-I: FE analysis of bi-stacked prism with smoothly ground 
surfaces 
The micro FE model presented in Chapter 4 was used for the analysis of the bi-stacked 
prism with smooth ground surfaces. The interstices were removed to obtain a smooth 
ground surface with no unevenness. The gap between the blocks therefore vanished. 
The bi-stack prism model with ground smooth surface was analysed for a uniform 
displacement of 2mm on top of the face shells. The pressure distribution on the contact 
interface with the ground surface is shown in Figure 7.1; for comparison, the pressure 
distribution with the interstices (from Figure 4.8) is also shown. It can be observed that 
the peak contact pressure of 77MPa was reduced to 19 MPa at the same location where 
experiments showed the highest peak contact pressure as marked in Figure 7.1. 
 
Figure 7.1: Pressure distribution on the contact surface under 2mm displacement 
 
Figure 7.2 shows the peak contact pressure versus loading time relationship.  
  
Figure 7.2: Variation of peak contact pressure (at peak point) with loading time 
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The FE results with smooth contact interface and uneven contact interface are 
presented. It can be observed that the peak pressure has been reduced to a low level of 
19 MPa (reduced by 76%) – at the location marked in Figure 7.2 due to grinding 
strategy. In addition, the nonlinear progressive stiffening behaviour has been 
eliminated due to absence of interstices.  
Similar behaviour was observed for the average contact pressure variation with loading 
time as shown in Figure 7.3. The average pressure reduced from 20 MPa to 16 MPa. 
The proposed mitigation strategy to grind the contact surface of the drystack blocks 
has thus been shown to improve the contact pressure distribution of the dry joint. 
However, it is difficult to perfectly grind the surface of the blocks and the process can 
be very expensive adding to the cost of the walls. 
 
Figure 7.3: Variation of average contact pressure with loading time 
 
7.3 Strategy-II: FE analysis of bi-stacked prisms with embedded materials 
at contacting interfaces 
The micro FE model presented in Chapter 4 was used for the examination of strategy-
II. Bi-stacked hollow concrete prisms with uneven contact surface riddled with 
interstices was considered. A layer of material was inserted in between the contacting 
interfaces. Three types of materials (PU foam, auxetic foam and auxetic fabric) were 
considered. Characteristics of these three materials are presented first and their 
incorporation in the FE model is considered later.  
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7.3.1 Characterisation of embedding materials 
The polyurethane (PU) foam, auxetic foam and auxetic fabric were tested in the lab 
under compressive loads to determine the compressive strength, elastic modulus, 
Poisson’s ratio and the complete stress-strain response. PU foam and auxetic fabric 
were purchased, whilst auxetic foam was manufactured in the lab through thermos-
mechanical treatment of the PU foam samples.   
The PU samples were tested for their properties and then converted into the auxetic 
foam. The details of converting the PU foam as auxetic foam are discussed in this 
section.  
7.3.1.1 Manufacturing of auxetic foam 
Two types of commonly used polyurethane (PU) foams used for packaging were 
purchased from FOAM Sales®, Western Australia. The foam types are described on 
the basis of number of ‘pores per inch’ (ppi) present in the foam. Two foam types with 
different pores size were selected; the physical properties of the purchased PU foams 
are shown in Table 7.1. The PU foam specimens are shown in Figure 7.4. 
Table 7.1: Physical properties of PU foams 
Type Size Density 
(kg/m3) 
30ppi open-cell 
polyurethane foam 
Square prism 40 mm2 × 84 mm long 28.85 ± 1.8 
Cylindrical 40 mm diameter × 84 mm long 
60ppi open-cell 
polyurethane foam 
Square prism 40 mm2 × 84 mm long 18.70 ± 2.7 
Cylindrical 40 mm diameter × 84 mm long 
 
 
 
Figure 7.4: Polyurethane foam samples 
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The PU foams were converted as auxetic foams by a thermo-mechanical process 
(Lakes, 1987; Chan and Evens, 1997; Grima et al, 2009). The process is described in 
the following steps and illustrated in Figure 7.5. 
 
Figure 7.5: Manufacturing process of auxetic foam (a) Aluminium tubes with lids 
(b) Pressing of foam into the mould (c) Heating of samples in oven 
 
1. The rectangular foam samples were pressed into rectangular aluminium tubes of 
size 25mm × 25mm × 55mm. The cylindrical specimens were inserted into 
aluminium tubes of size 25 mm diameter × 55 mm long. The aluminium tubes 
with close-fitting end plates are shown in Figure 7.5(a). The pressed foam is 
shown in Figure 7.5(b). 
2. Both ends of the rectangular and the cylindrical aluminium tubes were then tightly 
closed using the end plates. 
3. The aluminium tube moulds with the inserted foams were placed in an oven at 
180° C for one hour (Figure 7.5c) and then cooled to the room temperature 
naturally.   
4. After cooling, the samples were removed from the moulds and were found that 
they retained the compressed shape and size (approximately the inside dimensions 
of the moulds). 
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The density of the auxetic foams converted from the 30 ppi and the 60 ppi polyurethane 
foams were 115.7 ± 4.5 kg/m3 and 76.8 ± 4.2 kg/m3 respectively. The conventional 
polyurethane and the converted auxetic foams are shown in Figure 7.6. 
 
Figure 7.6: Conventional polyurethane and converted auxetic foam samples  
(a) 30ppi square prism specimens (b) 60ppi square prism specimens  
(c) 30ppi cylindrical specimens (d) 60ppi cylindrical specimens 
 
7.3.1.2 Characterisation of PU and auxetic foam under compression 
The compressive strength, Poisson’s ratio and complete stress-strain behaviour the PU 
and the auxetic foams were determined using a 1kN INSTRON 5566 machine and 
digital image correlation (DIC) method.  
7.3.1.2(a) Testing method 
Cubic samples of size 40mm × 40mm × 40mm PU foams (Figure 7.7a) were cut from 
the 84 mm long purchased samples. Similarly, cubical specimens of size 25mm × 
25mm × 25mm (Figure 7.7a) were cut from the 55mm long auxetic foams 
manufactured. These samples were tested to ascertain the compressive stress-strain 
properties. The samples were tested at a rate of 1 mm/min (Lakes, 1987; Bezazi and 
Scarpa, 2007) under displacement control. Strains were measured using a Canon EOS 
5D digital SLR fitted with a remote control for shutter operations without jerk. Images 
of the samples under loading were acquired at a rate of 1 frame per 5 sec. The images 
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were analysed to estimate the strains in the foam samples using a MATLAB algorithm 
developed by White et al, (2003) described in Section 2.11 of Chapter 2. 
The test setup and a typical mesh used for computing strains from the DIC method are 
shown in Figures 7.7(b) and 7.7(c) respectively. The middle of the specimens was 
coloured using a permanent marker to give a better texture (grey pixels) for accurate 
strain measurements. The initial image was divided into a mesh of test patches (Figure 
7.7c). The displaced location of the pixels in this patch was evaluated from the 
correlation between the patch extracted from the subsequent images. The strains were 
computed from the displacement data of the pixels through a MATLAB algorithm (for 
more details see Appendix B). Stresses were computed using the load data acquired 
from the INSTRON and the gross cross section of the loaded area of the samples and 
hence termed as ‘average stresses’ in the graphs presented in this chapter. The strain 
data from the DIC method and the stresses from the loading data were synchronised 
on the basis of clock time of each of the data recording computer. The complete test 
data of the strain measurement is given in Appendix C. 
 
Figure 7.7: Testing of foam samples  
7.3.1.2(b) Test results 
The stress-strain relationships of the 6 tested samples (3 of each foam type 30ppi and 
60ppi) are shown in Figure 7.8. From the stress-strain curves, three distinct regions of 
a well-known foam behaviour can be observed; namely: initial linear elastic region, 
plateau region of buckling of cell ribs, followed by a rapid rise in stiffness as the foam 
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becomes fully densified (Gibson and Ashby, 1988). PU foam have Positive Poisson’s 
ratio which can be observed from the trend of lateral tensile strains. The lateral strains 
were observed to increase until the attainment of the plateau region while decreased 
during the densification phase.  
 
Figure 7.8: Stress-strain curve of conventional untreated PU foam  
(a) 30 ppi (b) 60 ppi 
 
The stress-strain behaviour of the auxetic samples is presented in Figure 7.9. Two 
distinct phases, viz, initial non-linear gradual stiffening phase followed by a rapid 
stress increase phase due to densification phenomena can be seen from the auxetic 
foam stress-strain curves presented. With the increase in the longitudinal (axial) 
compression, the lateral strains tended to remain constant; this phenomenon depicted 
gradual reduction in the negative Poisson’s ratio (NPR) at higher axial strain levels. 
 
Figure 7.9: Stress-strain curve of manufactured auxetic foam (a) 30 ppi (b) 60 ppi 
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The variation of Poisson’s ratio with the increase in axial vertical strain can be 
observed in Figure 7.10. The results of both types of foam (30 ppi and 60 ppi) are 
consistent. Over the loading range used in the test, the auxetic foam exhibited negative 
Poisson’s ratio gradually reducing from a maximum of about -1.5 to about -0.25. The 
Poisson’s ratio remained high (between -1.5 and -1.0) until approximately 30% of the 
axial strain and then reduced with the increase in axial compression. In contrast, the 
Poisson’s ratio of the conventional PU foam remained positive throughout the loading 
and decreased to approximately zero at high compression strain level. Similar results 
are reported in Bezazi and Scarpa (2007). 
 
Figure 7.10: Poisson’s ratio variation with axial strain in PU and Auxetic foams  
(a) 30 ppi (b) 60 ppi 
 
7.3.1.3 Characterisation of auxetic fabric under tension 
The auxetic fabric with the brand name of Auxetix™ was purchased from the UK and 
was tested in the QUT lab for its tensile strength, Poisson’s ratio and complete stress-
strain characteristics. This auxetic fabric was manufactured with an auxetic yarn by 
Sloan et al, (2011) and was reported to possess the tensile strength of 50 MPa and NPR 
of -2.7.  
7.3.1.3(a) Testing method 
The fabric was cut into dumbbell shaped specimens of gauge length 60 mm × 12 mm 
width as shown in Figure 7.11(a). The thickness of fabric was measured using a screw 
gauge as 1 mm. Tensile test was conducted using a 1kN INSTRON 5566 machine; 
images were acquired for the digital image correlation (DIC) method.  Three (3) 
specimens, testing equipment and typical DIC mesh are shown in Figure 7.11.  
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Figure 7.11: Testing of auxetic fabric  
 
Uniform displacement of 1mm/min was applied on the specimens. The middle of the 
specimens was marked to give a better texture for accurate strain measurements. The 
initial image was divided into a mesh of test patches (Figure 7.11c). The displacement 
of the pixels within the patches was then used to compute the strains using DIC 
algorithm. The average stresses were computed using the load data acquired from the 
INSTRON and the gross cross section of the loaded area of the samples. The strain 
data from the DIC method and the stresses from the loading data were synchronised 
on the basis of clock time of each of the data recording computer. Complete data of 
strain measurements is presented in Appendix C. 
7.3.1.3(b) Testing results 
The stress-strain curves of the specimens are shown in Figure 7.12.  
  
Figure 7.12: Stress-strain behaviour of auxetic fabric 
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Three distinct phases of initial non-linear gradual stiffening phase followed by a plastic 
phase with permanent deformation and finally rupture can be seen from the auxetic 
fabric stress-strain curves presented. Similar to auxetic foam, with the increase in the 
longitudinal (axial) tension, the lateral strains tended to remain constant although the 
axial strain monotonically increased; this phenomenon depicted gradual reduction in 
the NPR at higher axial strain levels. Maximum tensile strength of 50 MPa was 
observed and the stress-strain response measured from the tests is similar to as reported 
for the helical auxetic yarn in Sloan et al, (2011). 
The variation of Poisson’s ratio with the increase in the axial tensile strains is also 
computed from the lateral strain data obtained from DIC analysis. The variation is 
shown in Figure 7.13. The maximum Poisson’s ratio of -2.1 was recorded for the tested 
auxetic fabric. A lesser magnitude of Poisson’s ratio was recorded in the beginning of 
the loading which is consistent with the research presented in Sloan et al, (2011). The 
Poisson’s ratio increased to average value of -2 at axial strain of 0.05 and then reduced 
to -0.25 when the axial strain reached the value of 0.125. No significant increase or 
decrease was recorded in the Poisson’s ratio after this strain level. 
 
Figure 7.13: Variation of Poisson’s ratio of auxetic fabric with axial strain 
 
 
7.3.2 FE analysis of bi-stacked prisms with embedding materials 
Prisms containing materials embedded in between the uneven contact surfaces were 
analysed to study the implications of embedding filler materials in drystack masonry. 
The material models of the PU foam, the auxetic foam and the auxetic fabric were 
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calibrated using the experimental data obtained in Section 7.3.1. The details are 
presented in the next section.  
7.3.2.1 Calibration of PU foam, auxetic foam and auxetic fabric material model  
Two dimensional (2D) FE models were developed to calibrate the behaviour of PU 
foam, auxetic foam and auxetic fabric specimens as observed from the experiments. 
The geometry, boundary conditions and meshing of the PU foam and the auxetic foam 
specimen are shown in Figure 7.14. The material properties were simulated using the 
HYPERFOAM model available in the ABAQUS library. Uniaxial compression test 
data in Table 7.2 was used for calibration. 
 
Figure 7.14: Models of PU and auxetic foam specimens for calibration 
Table 7.2: Test data used in HYPERFOAM model 
Nominal Stress (MPa) Nominal Strain Nominal Lateral Strain 
Uniaxial compression test data of PU Foam 
0 0 0 
-0.001 -0.051 0.025 
-0.002 -0.106 0.050 
-0.003 -0.202 0.073 
-0.004 -0.297 0.094 
-0.005 -0.414 0.125 
-0.007 -0.508 0.088 
-0.012 -0.588 0.040 
-0.025 -0.700 0 
-0.064 -0.800 -0.002 
Uniaxial compression test data of Auxetic Foam 
0 0 0 
-0.001 -0.064 -0.064 
-0.003 -0.136 -0.136 
-0.006 -0.250 -0.250 
-0.012 -0.400 -0.400 
-0.022 -0.524 -0.400 
-0.042 -0.640 -0.400 
-0.097 -0.800 -0.001 
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The strain energy potential order that defines the degree of the curve was set as 2. The 
maximum Poisson’s ratio of the auxetic foam was input as -1.0 (although the NPR was 
observed from the experiments as -1.5, due to limitations in ABAQUS the NPR was 
input as -1.0). Poisson’s ratio smaller than -1.0 would make the shear modulus and the 
bulk modulus of the foam inconsistent with the classical laws of mechanics. A new 
approach is necessary to deal with NPR less than -1.0; it is beyond the scope of this 
research dictated by time constraints. The nominal vertical strain, nominal horizontal 
strain and vertical stress profiles were observed uniform on the specimen. The stress-
strain curves were plotted from the output files and the experimental results were 
validated as shown in Figure 7.15 and 7.16 for PU and auxetic foam respectively.  
 
Figure 7.15: Stress-strain response of calibrated PU foam specimen 
 
 
Figure 7.16: Stress-strain response of calibrated auxetic foam specimen 
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For the calibration of auxetic fabric, a dumbbell shaped 2D plane stress model was 
developed similar to the tested specimens. The geometry, boundary conditions and 
meshing of the model are shown in Figure 7.17. The material properties were input 
using the HYPERFOAM model in ABAQUS library. The input test data is given in 
Table 7.3. The nominal vertical strain, nominal horizontal strain and vertical stress 
obtained from the output files were used for plotting the stress-strain curves as shown 
in Figure 7.18 with the experimental results. 
 
Figure 7.17: Model of auxetic fabric specimen for calibration 
 
Table 7.3: Uniaxial tension test data of Auxetic Fabric 
Nominal Stress (MPa) Nominal Strain Nominal Lateral Strain 
0 0 0 
1.36 0.007 0.0027 
2.58 0.013 0.0056 
3.75 0.020 0.0195 
4.93 0.027 0.0264 
6.17 0.037 0.0363 
7.46 0.044 0.0433 
8.81 0.051 0.0501 
10.22 0.057 0.0569 
11.68 0.065 0.0643 
13.19 0.072 0.0713 
14.76 0.079 0.0783 
21.52 0.107 0.0642 
23.28 0.114 0.0396 
25.13 0.121 0.0398 
27.15 0.128 0.0407 
31.12 0.142 0.0415 
34.93 0.181 0.0515 
38.48 0.221 0.0534 
40.64 0.253 0.0563 
42.26 0.297 0.0575 
43.11 0.320 0.0582 
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Figure 7.18: Stress-strain response of calibrated auxetic fabric specimen  
 
7.3.2.2 Numerical results 
The calibrated models for the materials embedded within the contacting interfaces 
were used in the 3D FE analysis of bi-stacked half concrete blocks prism. The 
embedding layers used are: 
1. PU foam layer - 2mm thick 
2. Auxetic foam layer - 2 mm thick 
3. Auxetic fabric layer - 1 mm thick 
It was difficult to slice the foam less than 2mm thick and hence 1mm thick foams (PU 
and auxetic) were not trialled. The geometry, boundary conditions and meshing of the 
materials embedded bi-stacked prisms are shown in Figure 7.19. 
 
Figure 7.19: FE model of bi-stacked prism with embedding material 
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The results are shown in Figure 7.20. It was observed that the contact pressure reduced 
due to the embedded materials. The peak pressure reduced from 77 MPa to about 60 
MPa (25% reduction) for both the PU foam and the auxetic foam embedment between 
the blocks. The reduction was observed higher for the auxetic fabric with a peak 
pressure of 40 MPa (50% reduction). In addition, the stresses were observed to have 
more uniform distribution when the auxetic fabric was placed in between the bed 
joints.  
 
Figure 7.20: Pressure distribution over contact surface with and without embedding 
materials 
 
 
In order to further analyse the effects of embedding materials, the variation of the peak 
and the average contact pressures with the loading time is plotted in Figures 7.21 and 
7.22 respectively. From both the figures, it can be clearly observed that despite 
decreasing the peak contact pressure on the contact surface, the nonlinear progressive 
stiffening response of the joints was prolonged with PU and auxetic foam layers. The 
high compressibility with low compressive strength of the PU and the auxetic foam is 
the main cause of this behaviour. On the other hand, the auxetic fabric embedment not 
only reduce the peak pressure but also virtually eliminated the nonlinear progressive 
stiffening behaviour of the contact interfaces. Thus, it can be concluded that the 
‘Auxetic fabric’ can be a viable solution to reduce the surface unevenness and the 
associated peak pressure hot-spots in the drystack masonry. 
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Figure 7.21: Peak contact pressure with loading time 
 
 
Figure 7.22: Average contact pressure with loading time 
 
7.4 FE analysis of drystack wallettes with optimal mitigation  
Grinding of the blocks surface and embedding of the auxetic fabric in the bed joints 
were determined as the two strategies which can offer structural benefits through bi-
stacked drystack prisms analyses. A taller wallette was considered in this section.  
Wallettes of size 600 mm length × 190 mm thickness × 1600 mm height as shown in 
Figure 7.23 were analysed. Due to symmetry along x, y and z-axis under the concentric 
compression load, one quarter of the wallette was modelled to economise the 
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modelling and computational time as marked in Figure 7.23. The block properties, 
interaction properties, meshing and element type were kept the same as detailed in 
Section 4.2 of Chapter 4. Three kinds of models were examined to ascertain the 
behaviour under uniform axial compressive loads:  
(i) Drystack wallette with uneven contact surfaces (Wall A – base case) 
(ii) Drystack wallette with smooth contact surfaces (Wall B) 
(iii) Drystack wallettes with uneven contact surfaces and 1 mm thick auxetic 
fabric layer in between the bed joints (Wall C) 
The stress distributions, the failure modes and the average stress-strain response of the 
wallettes were examined. 
 
 
Figure 7.23: Geometry of drystack wallette 
 
 
7.4.1 Geometry and boundary conditions 
The FE model of the wallettes with loading and boundary conditions is shown in 
Figure 7.24. Uniform displacement of 2mm was applied on top of the face shells. The 
behaviour of the auxetic fabric was simulated in accordance with the calibrated model 
detailed in Section 7.3.2. The interaction property between the units and between units 
and auxetic fabric layers was defined as previously detailed in Section 4.2.3 of Chapter 
4.  
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Figure 7.24: FE model of drystack wallette (with and without auxetic fabric) 
 
7.4.2 FE predictions 
Figure 7.25 shows the vertical stress distribution in the three FE wallette models (Wall 
A, B and C).  
 
Figure 7.25: Vertical stress distribution in the wallettes 
 
The wallette with uneven contact surface (base case - Wall A) clearly shows the 
excessive settlement of the joints and crushing at the ultimate stage as shown in Figure 
7.25(a). The wallette with the smooth ground contact surface (Wall B) experienced 
lower vertical stresses and minor joint deformation (crushing) as shown in Figure 
7.25(b). However, the drystack wallette with auxetic fabric layers (Wall C) shown in 
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Figure 7.25(c) exhibited a different behaviour of joints without any crushing of the 
interface. In addition, the maximum stress of 82 MPa due to interstices in the uneven 
surface of Wall A shown in Figure 7.25(a) reduced to 42 MPa when auxetic fabric was 
placed in between the bed joints in Wall C as shown in Figure 7.25 (c). The overall 
stresses decreased in the drystack wallette with even surfaces and with the auxetic 
fabric placed in the uneven contact interfaces. 
The average stress-strain response of the wallettes is shown in Figure 7.26.  
 
Figure 7.26: Average stress-strain curves of drystack wallettes 
 
The compressive load was computed through the nodal reactions on the top face shell 
which was then used to compute the average stress of the wall (Average stress =
AR , where A = face shell area). The base case (Wall A) with uneven contact 
surfaces exhibited nonlinear stiffening due to gaps in between the joints. In 
comparison, the behaviour of the wallettes with ground surfaces (Wall B) and that with 
uneven contact surfaces and auxetic fabric embedded in between the bed joints (Wall 
C) showed improved behaviour without any nonlinear progressive stiffening.  
Moreover, the average strength of the wallettes with auxetic fabric (Wall C) was 
recorded as 17.8 MPa which is 10% higher than the average strength of 16 MPa for 
wall with uneven surfaces (Wall A) and 5% higher than the average strength of 17 
MPa for wall with ground surfaces (Wall B). Thus, it can be concluded that the 
placement of auxetic fabric layers in between the bed joints not only decreases the 
joint settlement but also increases the compressive strength of the drystack masonry. 
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7.5 Summary 
Two mitigation strategies to reduce the contact surface unevenness of the drystack 
blocks have been investigated in this Chapter. Although grinding the block surface to 
eliminate the unevenness is very effective, it may be practically very challenging and 
expensive. PU foam and auxetic foam could reduce the peak pressure marginally; they 
also produce much larger vertical strains due to their respective low modulus. Auxetic 
fabric embedment can decrease the unevenness and the excessive nonlinear stiffening 
of the dry joints effectively as the peak stress could be reduced by 50% with reduction 
in vertical strains. Embedding auxetic fabric in the dry interface may be physically 
challenging and can reduce the productivity at site. Since drystack masonry must have 
some form of rendering to resist water ingress and lateral loading, yet another strategy 
of rendering with auxetic composite is further examined. Chapter 8 describes 
development of such a render material and Chapter 9 provides analysis of rendered 
drystack masonry walls subject to concentric and eccentric compression.  
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CHAPTER 8: CHARACTERISATION OF RENDERS FOR 
DRYSTACK MASONRY 
8.1 Introduction 
This chapter presents the manufacturing and characterising of a suitable render for the 
drystack masonry. As the auxetic foam could be easily manufactured and the source 
PU foam was inexpensive (for example each specimen was purchased for $1) and 
readily available, its use with cementitious matrix as a suitable render has been 
investigated. Auxetic fabrics could also have been investigated as an alternate render, 
but was not pursued due to limitations of time for this PhD research, further the auxetic 
fabrics were imported and were expensive (for example a 1m × 1m fabric was 
purchased for $110). As the thickness of the render should be in the order of 5-10mm, 
normal cementitious mortar containing 2mm sand particles was not preferred. Polymer 
cement mortar used by a co-researcher on thin layer mortared masonry project 
(Thamboo et al, 2013) has been considered as a suitable matrix for developing the 
auxetic renders. The behaviour of the composites has been experimentally evaluated. 
The experimental results have been validated numerically. The numerical model has 
then been used to examine the effectiveness of the relative thickness of the auxetic 
foam layers and the polymer cement matrix for maximising the NPR of the composites. 
8.2 Development of mortar-auxetic foam composites 
With a view to studying the behaviour of auxetic foam embedded polymer cement 
mortar composites under compression, prismatic specimens of size 25 mm × 25 mm × 
50 mm were prepared and tested. The method of embedding the auxetic foam with the 
polymer cement mortar matrix using a PVC mould is shown in Figure 8.1.  
 
Figure 8.1: Preparation of auxetic - polymer cement mortar composite specimen 
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Three types of pre-blended polymer cement mortar mix were used in the 
manufacturing:  
1. #A: Fibre Reinforced Cement Mortar [FRCM]: A pre-blended cement render 
composed of graded sand, high early strength off-white Portland cement and 
natural fibres in a small percentage. Water cement ratio: 3 - 5 litres for 20kg of 
cement.  
2. #B: Polymer Modified Cement Mortar [PMCM]: A cementitious polymer 
modified adhesive base coat composed of graded sand, off-white Portland 
cement and polymer additives (1.25%). Water cement ratio: 3 - 5 litres for 20kg 
of cement.  
3. #C: Polymer Cement Mortar [SPCM]: A cement-based low permeability 
repair mortar containing Portland cement, polymer powder, fine graded sand 
and silica fume. Water cement ratio: 0.5 – 1.0 litre for 20kg of cement.   
Two kinds of auxetic foams manufactured as part of the research were employed: 
1. Auxetic foam manufactured from open cell polyurethane 30ppi foam 
2. Auxetic foam manufactured from open cell polyurethane 60ppi foam 
In addition, to compare the Poisson’s ratio of the manufactured composite samples, 
specimens of the same configuration shown in Figure 8.1 with fibreglass mesh were 
also prepared and tested. Two kinds of fibreglass mesh were used: 
1. Normal strength fiberglass mesh, 1 mm thick of density 90 g/m2 having square 
mesh of 4 mm × 4 mm size 
2. High strength fiberglass mesh, 1.5 mm thick of density 160 g/m2 having mesh 
in two grids of 5 mm × 5mm and 2 mm × 5mm size 
Firstly, 25 mm × 25 mm PVC square plastic pipe was cut to 50mm length tubular 
moulds. The three mortar mixtures (#A/ #B/ #C) were prepared with the prescribed 
quantity of water using a pan and steel spatula. Later, the sliced auxetic foam or the 
fibreglass mesh of matching dimension was placed into the PVC moulds with the 
mortar mix to develop the mortar composites of size 25 mm × 25 mm × 50 mm as 
shown in Figure 8.1.  After the samples were prepared, they were air dried for one day 
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followed by the removal of moulds and cured in potable tap water for one week as 
shown in Figure 8.2.  
 
Figure 8.2: Samples preparation (a) mixing of mortar (b) pouring in the moulds  
(c) drying of the samples (d) curing of the samples 
 
 
Forty five samples were prepared using the three kinds of polymer cement matrix, two 
types of auxetic foams and two types of fibreglass meshes. Each specimen was 
identified by a unique code in the format XX-Y-i where, “XX” stands for the type of 
the embedded layer: 
i) Number ‘30’ stands for the green colour 30ppi auxetic foam 
ii) Number ‘60’ stands for the black colour 60ppi auxetic foam 
iii) Letters ‘NM’ stand for the normal strength fiberglass mesh 
iv)  Letters ‘HM’ stand for the heavy strength fiberglass mesh 
v) Letters ‘CO’ stand for the controlled specimen without any mesh or foam 
 “Y” stands for the mortar mix type: 
i) Letter ‘A’ for FRCM mortar mix 
ii) Letter ‘B’ for PMCM mortar mix 
iii) Letter ‘C’ for SPCM mortar mix 
“i” stands for the sample number (1 – 3) 
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Table 8.1 contains the information of the sample quantities with nomenclature and 
description.  
 
Table 8.1: Nomenclature and description of developed samples 
Sample 
Name 
Materials used 
Number of 
samples 
Group - I (Composites with NPR material layers at outer sides) 
30-A-i 30ppi auxetic foam on outer two sides using FRCM 3 
60-A-i 60ppi auxetic foam on outer two sides using FRCM 3 
30-B-i 30ppi auxetic foam on outer two sides using PMCM 3 
60-B-i 60ppi auxetic foam on outer two sides using PMCM 3 
30-C-i 30ppi auxetic foam on outer two sides using SPCM 3 
60-C-i 60ppi auxetic foam on outer two sides using SPCM 3 
Group - II (Composites with PPR material layers at outer sides) 
NM-A-i Normal fibreglass mesh on outer two sides using FRCM 3 
HM-A-i Heavy fibreglass mesh on outer two sides using FRCM 3 
NM-B-i Normal fibreglass mesh on outer two sides using PMCM 3 
HM-B-i Heavy fibreglass mesh on outer two sides using PMCM 3 
NM-C-i Normal fibreglass mesh on outer two sides using SPCM 3 
HM-C-i Heavy fibreglass mesh on outer two sides using SPCM 3 
Group - III (Plain mortar samples) 
CO-A-i Plain FRCM (Without any mesh/foam) 3 
CO-B-i Plain PMCM (Without any mesh/foam) 3 
CO-C-i Plain SPCM (Without any mesh/foam) 3 
 
8.3 Characterisation of composite specimens 
8.3.1 Testing procedure for the composite prisms 
The composite prisms manufactured were tested under monotonic compression under 
displacement control using a 1kN INSTRON machine until the peak load reduced by 
20% where possible. Canon® EOS 5D camera mounted on a firm tripod was set to 
record images at every 5 seconds intervals which were later analysed to determine the 
surface strains using a DIC software (White et al, 2003). The longitudinal and the 
lateral strains were determined by analysing the acquired images. The test setup and a 
typical DIC mesh used for computing the strains are shown in Figure 8.3. The 
displacement data of the DIC mesh were used to compute the strains at the intersection 
points of all the patches within the DIC mesh and for all the images taken during the 
test. The average stresses were computed using the load data acquired from the 
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INSTRON and the loaded area of the specimens. The specimens were loaded 
uniformly by means of displacement control testing with loading rate of 1mm/min. 
The complete data are presented in Appendix D.  
 
Figure 8.3: Testing of samples (a) Test setup with camera (b) DIC mesh on a 
composite sample 
 
8.3.2 Experimental results for tested mortar composites 
The experimental data were analysed to compute the stress-strain curves, the 
maximum compressive strength and the Poisson’s ratio of the composites. The typical 
stress-strain curves for the Group-I (samples with NPR layers-auxetic foams), Group-
II (samples with positive Poisson’s ratio layers-fibreglass mesh) and Group III (plain 
mortar samples) are shown in Figure 8.4(a), 8.4(b) and 8.4(c) respectively. It can be 
observed from the enlarged portion of the curves in Figure 8.4(a) that the composites 
of Group-I with auxetic foam layers of both types i.e. 30ppi and 60ppi foam possess 
negative Poisson’s ratio and thus the auxetic behaviour until about the maximum stress 
is reached. 
 
(a) Group-I composites with NPR layers 
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(b) Group-II composites with PPR layers 
 
(c) Group-III plain mortar specimens 
 
Figure 8.4: Typical stress-strain characteristics of composite specimens  
 
This response depicts the benefits of having NPR layers in the mortar composite, 
which provide confinement to the mortar and restrict the lateral tension in the 
specimens. In addition, failure occurred at a low magnitude of lateral strain illustrating 
the reduction in the brittle behaviour. The average peak compressive strength for these 
samples was computed approximately 6 MPa which is comparable to the plain mortar 
average compressive strength as shown in Figure 8.4(c). 
The stress-strain responses of Group-II composites with fiberglass mesh layers are 
shown in Figure 8.4(b); positive Poisson’s ratio was measured for all the specimens in 
this group. In addition, the lateral strains at failure measured were quite high in 
comparison to the Group-I composites, which is attributed to the delamination of 
fiberglass mesh from the mortar matrix and brittle failure. The maximum average 
strength of these samples was determined as 10 MPa which is higher in comparison to 
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the composites of Group-I and plain mortar samples of Group-III; the higher strength 
of fiberglass mesh contributed to the higher average strength of the composites with 
fiberglass mesh layers of group-II. However, the delamination and the brittle 
behaviour of these types of composites was observed to be the main disadvantage; in 
contrast,  the auxetic foam layers embedment have shown to improve the failure 
pattern and remained fixed to the mortar and resulted in a non-brittle failure. 
The stress-strain response of plain mortar specimens of Group-III are presented in 
Figure 8.4(c). The stress-strain characteristics are similar to the conventional mortar 
behaviour with positive Poisson’s ratio throughout the loading. The average 
compressive strength of plain mortar samples is comparable to the strength of 
composites with auxetic foam layers of Group-I. 
8.3.2.1 Compressive strength and Poisson’s ratio of specimens 
Compressive strength and Poisson’s ratio of each specimen determined from the 
experiments are presented in Table 8.2. The mean compressive strength is listed in 
Columns 4 and 10 whilst the mean Poisson’s ratio for each set of the samples is given 
in Columns 6 and 12 of the Table 8.2. The composites with auxetic foam embedded at 
the outer ends (Group ‒ I) exhibited NPR in the range from –0.113 to -0.062 (see 
Column 5). The observation of the NPR represents that the auxetic foam at the external 
surfaces confines the cement mortar laterally when the specimens are compressed in 
the axial direction which could avoid brittle failure. While all the other samples (Group 
‒ II and III) exhibited positive Poisson’s ratio in the range from 0.125 to 0.2. Thus, the 
benefit of embedding NPR material is obvious. 
The strength of the samples with fiberglass mesh (Group – II) was higher (Column 10 
of Table 8.2) in comparison than the composites with auxetic foam layers (Group I) 
and plain mortar samples (Group-III). The higher compressive strength of fiberglass 
mesh in comparison to the auxetic foam layers is the reason for this increase in the 
composite strength. The composites samples made with #C (SPCM) mortar mix 
showed the highest strength in each sample group (Group I‒III). No significant 
difference in the strength was noted between the samples made with heavy and normal 
strength fibreglass mesh. 
 
 
Table 8.2: Test results for the composite specimens 
# Sample 
name 
Compressive 
Strength 
(MPa) 
Mean 
Compressive 
Strength (MPa) 
Poisson’s 
Ratio 
Mean 
Poisson’s 
Ratio 
# Sample 
name 
Compressive 
Strength (MPa) 
Mean 
Compressive 
Strength (MPa) 
Poisson’s 
Ratio 
Mean 
Poisson’s 
Ratio 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 
Group - I (Composites with NPR material layers) Group - II (Composites with PPR material layers) 
1 
 
30-A-1 3.68 
4.12 
-0.073 
-0.077 
19 HM-A-1 12.82 
10.77 
0.152 
0.178 2 30-A-2 4.04 -0.075 20 HM-A-2 10.37 0.189 
3 30-A-3 4.63 -0.082 21 HM-A-3 9.12 0.194 
4 60-A-1 3.85 
4.04 
-0.062 
-0.070 
22 NM-A-1 12.39 
12.23 
0.157 
0.188 5 60-A-2 4.29 -0.071 23 NM-A-2 12.13 0.196 
6 60-A-3 3.97 -0.077 24 NM-A-3 12.18 0.210 
7 30-B-1 8.66 
6.56 
-0.113 
-0.109 
25 HM-B-1 10.87 
10.46 
0.141 
0.143 8 30-B-2 5.83 -0.110 26 HM-B-2 9.89 0.151 
9 30-B-3 5.20 -0.104 27 HM-B-3 10.62 0.136 
10 60-B-1 7.09 
6.56 
-0.095 
-0.089 
28 NM-B-1 10.88 
11.80 
0.126 
0.129 11 60-B-2 5.47 -0.085 29 NM-B-2 11.89 0.135 
12 60-B-3 7.12 -0.088 30 NM-B-3 12.64 0.127 
13 30-C-1 11.63 
9.16 
-0.076 
-0.077 
31 HM-C-1 18.74 
18.61 
0.134 
0.130 14 30-C-2 7.71 -0.082 32 HM-C-2 18.12 0.130 
15 30-C-3 8.14 -0.074 33 HM-C-3 18.98 0.125 
16 60-C-1 5.97 
8.01 
-0.089 
-0.088 
34 NM-C-1 15.14 
16.52 
0.125 
0.129 17 60-C-2 7.81 -0.098 35 NM-C-2 17.61 0.133 
18 60-C-3 10.26 -0.078 36 NM-C-3 16.80 0.129 
Group - III (Plain mortar samples) 
37 CO-A-1 5.19 
6.32 
0.172 
0.174 38 CO-A-2 7.42 0.163 
39 CO-A-3 6.35 0.186 
40 CO-B-1 7.03 
7.40 
0.177 
0.186 41 CO-B-2 5.35 0.188 
42 CO-B-3 9.81 0.194 
43 CO-C-1 7.47 
7.73 
0.202 
0.202 44 CO-C-2 7.81 0.199 
45 CO-C-3 7.92 0.204 
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8.3.2.2 Failure pattern 
The failure pattern of the composites is shown in Figure 8.5.  
 
Figure 8.5: Failure pattern of composite samples (a) Group I – with NPR Auxetic 
foam  (b) Group II– with positive Poisson’s ratio Fibreglass mesh  
 
For the samples with auxetic foam (Group I), the cement mortar exhibited only a single 
crack in the middle at ultimate stage as shown in Figure 8.5(a). On the contrary, the 
failure of the fiberglass mesh embedded samples (positive Poisson’s ratio fiberglass 
mesh embedded – Group II) occurred through delamination of the layers from the 
mortar (Figure 8.5b). Thus, employment of auxetic foam at the external surfaces has 
shown to alter the failure pattern and could be useful for protective applications. 
8.3.2.3 Poisson’s ratio characteristics 
The variation of Poisson’s ratio for Group-I composites is shown in Figure 8.6.  
  
Figure 8.6: Variation of Poisson’s ratio with axial strain for Group I samples 
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The specimens with mortar type #B and 30 ppi auxetic foam exhibited the maximum 
NPR of -0.113 which remained constant until the axial strains level reached to 0.7% 
and then slowly increased and became positive at higher strains. The Poisson’s ratio 
of all the other samples in Group-I was also measured negative in the beginning of the 
loading which later attained a small positive value of around 0.05 towards the ultimate 
stage. A trend line of R2 = 0.74 is plotted in Figure 8.6. The scatter in the results is 
attributed to the difference in the properties of the three mortar mixes employed. 
For Group-II composites with fiberglass mesh, the Poisson’s ratio was recorded 
positive throughout the loading as shown in Figure 8.7.  
 
Figure 8.7: Variation of Poisson’s ratio with axial strain for Group II samples 
 
Higher Poisson’s ratio of about 0.35 and thus higher lateral tensile strains at the 
ultimate stage were observed consistent with the delamination of the fibreglass mesh 
from the mortar matrix. A trend line with R2 = 0.71 was plotted for the scatter of the 
data. The variation of Poisson’s ratio for Group-II was observed to be quite similar to 
the variation of Poisson’s ratio of Group-III of plain mortar samples as can be seen in 
Figure 8.8. Hence, it was concluded that the embedment of fiberglass mesh causes 
delamination and brittle failure whilst the brittleness and delamination is reduced 
considerably through embedment of auxetic foam layers. The NPR (auxetic foam-
mortar) composites could be used as protective coatings and for rendering purposes. 
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Figure 8.8: Variation of Poisson’s ratio with axial strain for Group III samples 
 
8.3.2.4 Effect of mortar type and embedment type on the compressive strength 
Three types of commercially available mortars (#A/ #B/ #C) were used to characterise 
the mortar composites in this study. The comparison of the mean compressive strength 
for each type of mortar composite is given in Figure 8.9 with a table depicting the 
difference of strength of mortar composites with respect to the corresponding plain 
mortar strength samples.  
 
Figure 8.9: Effect of mortar and embedment type on average compressive strength 
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Specimens developed with mortar type #C  (SPCM) has shown higher strength for 
every group of specimens, plain or composite which is attributed to the difference in 
the constituents and the use of lower water-cement ratio for this mortar mix. The 
lowest strength was obtained for mortar type #A composites with FRCM mortar mix, 
however, the difference of strength between the mortar composites #A and #B is not 
very significant. 
The strength of the samples with auxetic foam at the external surfaces (Group-I) was 
observed lower than the strength of plain mortar samples (Group-III) for mortar 
composites #A and #B. The lower compressive strength of auxetic foam layers 
possibly is the reason for this strength reduction. On the contrary, the samples with 
fibreglass mesh embedded at the external surfaces (Group II) were measured to have 
twice the strength of plain mortar samples (Group III) because of the higher strength 
of fibreglass mesh.   
8.4 Numerical Validation 
Numerical analysis was performed using a 3D finite element modelling approach. 
Figure 8.10 shows a model of a typical specimen with auxetic foam at external 
surfaces. A regular mesh made of 1 × 1 × 1 mm3 eight-nodded elements (C3D8R) was 
chosen. The simulations were performed under displacement control of 1 mm 
maximum uniform displacement applied at the top as shown in Figure 8.10. The 
bottom of the specimens was restrained against vertical movement. Perfect bond was 
considered between the mortar and the auxetic foam layers pertaining to the good 
bonding observed through experiments. 
 
Figure 8.10: Geometry and boundary condition of numerical model 
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8.4.1 Material models 
To simulate the polymer mortar (PCM) behaviour under compression, concrete 
damage plasticity model from ABAQUS library was employed. The average 
compressive strength, elastic modulus and Poisson’s ratio were input as were obtained 
from the experimental tests conducted on the plain polymer mortar samples in this 
study. In the absence of tensile strength data of mortar, one-tenth of compressive 
strength of mortar was given as tensile strength. The details of the material properties 
used for the FE model calibration are given in Table 8.3.  
 
Table 8.3: Details of PCM mortar material properties used in the analysis 
Material properties Mortar (PCM) References 
Elastic Modulus (MPa) 3300 This study 
Poisson’s ratio (υ) 0.19 This study 
Uniaxial compressive strength (MPa) 6.0 This study 
Uniaxial tensile strength (MPa) 0.6 Assumed 
Biaxial stress ratio 1.16 ABAQUS (2013) 
Dilatation angle (°) 10 ABAQUS (2013) 
Flow potential Eccentricity (ε) 0.1 ABAQUS (2013) 
Viscosity parameter 0.01 ABAQUS (2013) 
 
The material properties of mortar damage plasticity model were taken from ABAQUS 
theory manual which include: (i) the biaxial stress ratio which is the ratio of biaxial 
compressive (compression-compression principal stress) failure stress to uniaxial 
compressive failure stress; (ii) the dilatation angle which controls the plastic 
volumetric strain developed during plastic shearing; (iii) the flow potential eccentricity 
- ε is the parameter that characterise the rate at which the hyperbolic flow potential 
approaches its asymptote; (iv) the viscosity parameter - μ which is required for the 
visco-plastic regularisation of concrete damage plasticity constitutive equations. 
Further, the compressive and tensile failure stress-inelastic strain relations of mortar 
under compression and tension were given according to Evans and Marathe (1968). 
The details are given in Table 8.4. 
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 Table 8.4: PCM mortar compression and tension failure stress ‒ inelastic 
strain data  
Compression Tension 
Failure stress 
(MPa) 
Inelastic strain Failure stress 
(MPa) 
Inelastic strain 
3.0 0 0.60 0 
4.5 0.0010 0.45 0.0002 
6.0 0.0020 0.40 0.0004 
5.0 0.0025 0.30 0.0006 
4.0 0.0030 0.20 0.0010 
3.0 0.0035 0.10 0.0018 
2.0 0.0040   
 
The auxetic foam material properties were simulated using the HYPERFOAM 
material model available in the ABAQUS library. Uniaxial compression experimental 
test data was input as given in Table 7.2. The strain energy potential order that defines 
the degree of the curve was set as 2. The Poisson’s ratio of the auxetic foam was input 
as -1.0 in the calibrations due to limitations of the software.  
8.4.2 Validation with experimental results 
The developed FEM model of the mortar-auxetic foam composite was analysed and 
the results were validated with the experimental data. The average stress-strain curve 
was plotted from the ABAQUS output files. The average stress was computed for the 
gross vertical reaction force on the loading surface. The results from FEM model and 
the experimental data are shown in Figure 8.11. A good comparison was obtained 
between the experimental and FEM curves.  
 
Figure 8.11: Validation of FEM results with experimental data for PCM Mortar 
composites  
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NPR for the composite samples with auxetic foam layers can be observed from the 
results in Figure 8.11. The average of -0.13 is comparable to the experimental data 
given in Columns 5 and 6 of Table 8.2 for Group-I composites. Similar to the 
experimental results, the Poisson’s ratio variation with the increase in axial strain and 
conversion to a positive value at accumulation of higher axial strains can be observed 
in Figure 8.11. The average strength of 6 MPa was observed from the numerical 
analysis of the specimens of Group-I with auxetic foam at external surfaces which is 
matching well with the experimental compressive strength of the auxetic-mortar 
composite samples as can be seen in Figure 8.11. 
The lateral strain - stress distribution of the mortar-auxetic foam composite obtained 
from the FEM model is presented in Figure 8.12.  
 
Figure 8.12: (a) Lateral strain and (b) Lateral stress distribution from FEM results  
 
It can be observed that negative (compressive) lateral strains were developed on the 
outer sides because of the confinement provided by auxetic foam layers. Tensile strains 
and thus the tensile stresses were developed in the inner portion of the mortar but the 
magnitude of these tensile stresses was very low which alters the failure pattern with 
a single crack in the middle at the ultimate stage. The effect of the thickness of mortar 
and foam layers and the location of the auxetic foam were examined using additional 
numerical studies. 
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8.5 Parametric studies 
Two parameters were examined: 
1. Location of auxetic foam layers 
2. Thickness of the auxetic foam and the mortar 
8.5.1 Effect of the location of the auxetic foam 
The beneficial effects of embedment of the auxetic foam layers to the external surfaces 
of the cementitious polymer mortar matrix has prompted an investigation on the effect 
of embedding the auxetic foam at the middle of the cementitious polymer mortar 
matrix. The composite was, therefore, modelled and analysed with a single auxetic 
foam layer of 5 mm thickness in the middle of mortar mix as shown in Figure 8.13. 
The material data, the dimensions of the specimens and the boundary conditions were 
kept similar to the model discussed in Section 8.4. The results were generated for the 
uniform displacement applied on the top of the composite in vertical direction as 
shown in Figure 8.13(a). The lateral strain contour profile is presented in Figure 
8.13(b); this result differed to that of the lateral strains for the composites with auxetic 
foam on the external surfaces as shown in the Figure 8.12(a). For this case, the lateral 
strains were higher and the tensile strain at external surfaces was associated with the 
positive Poisson’s ratio. Although the embedded auxetic foam possess negative 
compressive strains, its role in reducing the lateral tension in the mortar is not 
substantial. 
 
Figure 8.13: FEM model for composite with auxetic foam in the middle (a) 
Geometry of the composite (b) Lateral strains profile 
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To validate the results obtained from this FE analysis, additional samples were 
prepared with single auxetic foam layer placed in the middle and tested under uniform 
vertical compression. All three mortar types (#A, #B, #C) and auxetic foam types 
(30ppi and 60ppi) as previously described in Section 8.2 were employed to 
manufacture eighteen (18) additional composite specimens. The testing procedure 
reported in Section 8.3 was followed for the additional tests. The typical stress-strain 
curve obtained from the FE analysis with the experimental results for the composites 
with the auxetic foam in the middle is shown in Figure 8.14. These specimens showed 
a lesser compressive strength (average 5.5 MPa) which is in good agreement with the 
experimental strength observed from the FE analysis. The lateral strains for this type 
of composite were observed tensile and hence positive Poisson’s ratio was recorded 
throughout the loading. 
 
Figure 8.14: Validation of FEM results with experimental data for PCM Mortar 
composites with auxetic foam in middle  
 
The test results comprising of the average compressive strength and the Poisson’s ratio 
for the specimens with the auxetic foam at middle of the specimens are given in Table 
8.5; letter ‘M’ for ‘middle’ was added to the names of the samples to differentiate them 
from the previous samples (in Table 8.2). The Poisson’s ratio remained positive 
throughout the loading as was predicted by the FEM. The average compressive 
strength (as shown in Column 3 of Table 8.5) was measured comparable to the plain 
mortar samples as can be seen in Column 4 of Table 8.2. 
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Table 8.5: Test results for composites with foam in the middle 
Sample no.  Compressive 
Strength 
(MPa) 
Mean 
Compressive 
Strength (MPa) 
Poisson’s 
Ratio 
Mean 
Poisson’s 
Ratio 
(1) (2) (3) (4) (5) 
30M-A-1 5.55 5.75 0.212 0.214 
30M-A-2 5.99 0.220 
30M-A-3 5.72 0.210 
60M-A-1 6.42 6.28 0.197 0.202 
60M-A-2 6.97 0.196 
60M-A-3 5.44 0.213 
30M-B-1 5.20 5.19 0.121 0.127 
30M-B-2 6.15 0.123 
30M-B-3 4.23 0.136 
60M-B-1 8.12 5.70 0.122 0.125 
60M-B-2 4.55 0.124 
60M-B-3 4.44 0.130 
30M-C-1 5.32 6.20 0.160 0.166 
30M-C-2 7.05 0.172 
30M-C-3 6.23 0.165 
60M-C-1 8.39 8.61 0.132 0.128 
60M-C-2 9.90 0.124 
60M-C-3 7.54 0.128 
 
From the results obtained through the experimental and the numerical studies, it was 
observed that the auxetic foam embedment at the external faces of the mortar is 
beneficial but not embedding a single foam layer in the middle of the mortar matrix. 
8.5.2 Effect of variation of the thickness of the constituents 
The effect of variation of the thickness of the mortar and the auxetic foam was 
examined using the FE model. The thickness of the mortar was varied from 15 mm to 
5mm and the rest of the data including the width of the specimen in the third direction, 
the length of the specimen, the mesh, the material properties, and the boundary 
conditions were kept unchanged from the data in Section 8.4. The thickness of the 
auxetic foam layers at both external surfaces of the mortar were kept 5mm in each 
case. In one case, for a 5mm thick mortar the thickness of the auxetic foam layers were 
reduced to 2mm.  
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The stress-strain relationship of the composite specimens with the variation of mortar 
thickness is shown in Figure 8.15.  
 
Figure 8.15: Stress-strain response of composites with varying mortar and auxetic 
thickness 
 
The strength of the composite was decreased as the thickness of the mortar reduced 
due to the proportional reduction of the stronger (mortar) material in the composite. 
The strength and stiffness properties of the composite are listed in Table 8.6.  
Table 8.6: Properties of composites for varied mortar and auxetic foam thickness 
Type 
Maximum 
Strength 
(MPa) 
% 
diff 
Elasticity 
Modulus 
(MPa)  
% diff 
Poisson's 
ratio 
% diff 
Mortar 15 mm 
& Foam 5 mm 
6.1 0 2650 0 -0.131 0 
Mortar 10 mm 
& Foam 5 mm 
5.2 -14 2250 -15 -0.137 5 
Mortar 5 mm 
& Foam 5 mm 
3.3 - 46 1510 - 43 -0.140 7 
Mortar 5 mm 
& Foam 2 mm 
4.1 - 33 1750 - 34 -0.112 -15 
 
The reduction in the compressive strength and the elastic modulus (compared to the 
original samples with mortar thickness of 15 mm) for the 10 mm mortar + 5 mm foam 
layers was 15%, and for specimen with 5 mm thick mortar + 5 mm thick foam layers 
was ~46%. Although slight increase in the negative Poisson’s ratio of about 7% was 
recorded for the 5mm thick mortar samples, the strength decreased considerably; the 
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lesser strength of the embedded auxetic foam dominated the samples with smaller 
mortar thickness.  
To overcome the reduction in strength with the reduction of mortar thickness, effect 
of changing the auxetic foam thickness was also studied. A composite with 5 mm thick 
mortar and 2 mm thick auxetic foam layers was modelled. Result showed some gain 
in strength but loss in NPR. Optimal proportion of mortar thickness and auxetic layer 
thickness may provide a more suitable composite render. It is concluded from these 
studies that the mortar-auxetic foam composite with controlled thicknesses of mortar 
and auxetic foam layers could be used as a render with the benefits of negative 
Poisson’s ratio and a failure which is not brittle. Mortar maintained its interface with 
the auxetic foam without delamination even after failure.  
 
8.6 Summary 
Polymer cement mortar-auxetic foam composites were manufactured and 
characterised for their strength and stiffness properties in this chapter. For developing 
the mortar-auxetic foam samples, two locations or placement of auxetic foam layers 
were examined; firstly the auxetic foam layers were embedded at the external surfaces 
and secondly the foam layer was positioned in the middle. In addition, composites with 
fiberglass mesh of two different types were also developed and total of sixty samples 
were tested. The Poisson’s ratio and the experimental stress-strain results were 
validated with the finite element models. The variation of thickness of the mortar and 
auxetic foam layer was also studied numerically. The conclusions from this chapter 
are: 
 The mortar-auxetic composites with the auxetic foam layers embedded on 
the external surfaces exhibited the NPR of -0.11. 
 For mortar-auxetic foam composites, the thickness of the mortar should be 
greater than the thickness of the auxetic foam for increased compressive 
strength of the render.   
 The auxetic foam embedment in the middle of the mortar matrix was not 
useful in terms of strength and NPR measures. 
 Mortar-fiberglass mesh composites failed due to delamination although the 
strength was the highest. 
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 The NPR material embedment at external surfaces showed considerable 
alteration of the mortar composites behaviour by elimination of the 
delamination and reduction in the brittleness which is the main concern for 
the fibre reinforced composites. 
The properties of the mortar-auxetic foam composite determined from these 
experiments have been employed to analyse the rendered drystack wallettes under 
concentric and eccentric compression loads; these models and results are provided in 
Chapter 9. 
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CHAPTER 9: RESPONSE OF DRYSTACK WALLETTES 
RENDERED WITH MORTAR-AUXETIC COMPOSITE LAYERS 
UNDER CONCENTRIC AND ECCENTRIC COMPRESSION 
9.1 Introduction 
This chapter reports the behaviour of the rendered drystack wallettes under concentric 
and eccentric compressive loads. The properties of mortar-auxetic foam composites 
described in Chapter 8 have been employed in this chapter as the mortar-auxetic render 
for the drystack wallettes.  Drystack walls with and without mitigation for contact 
surface unevenness have been considered in the analyses. 
9.2 FE analysis of rendered drystack wallettes under concentric 
compression 
A 3D finite element model was established for the analysis of rendered drystack 
wallettes subject to concentric compression. The modelling method was first validated 
using an experimental dataset on a fibre reinforced cement composite (FRCC) 
rendered drystack wallette tested by Ferozkhan (2005). For the purpose of the current 
thesis, the same wallette model was considered rendered with the mortar-auxetic 
composite layer on both of the exposed surfaces of the wallette.  
Three rendered walls were analysed for validation and studying the difference in the 
behaviour of FRCC and the mortar-auxetic composite rendered drystack wallettes; the 
following models were considered: 
1. Drystack wallette with FRCC render – 5 mm thick FRCC render, properties 
from Ferozkhan (2005). 
2. Drystack wallette with mortar-auxetic foam render – 5 mm thick render 
consisting of 2mm PCM mortar layers embedded with 1mm auxetic foam 
layer. 
3. Drystack wallette with mortar-auxetic fabric render – 5 mm thick render 
consisting of 2mm PCM mortar layers embedded with 1mm auxetic fabric 
layer. 
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9.2.1 Geometry and material properties 
Ferozkhan (2005) tested FRCC rendered drystack wallettes under concentric 
compression loads. The wallette shown in Figure 9.1 was analysed to validate the 
modelling method. The analysed wall consisted of two types of blocks with different 
geometry and mechanical properties. Quarter of the wallette was modelled as marked 
in Figure 9.1 by exploiting the symmetry. 
 
Figure 9.1: Drystack wallette tested by Ferozkhan (2005) (shown without render) 
 
A 3D model of the wallette with the blocks as shown in Figure 9.1 was developed with 
the C38DR elements. The behaviour of the blocks was simulated using the concrete 
damage plasticity model. Separate properties were input for half and full blocks based 
on the experimental results reported in Ferozkhan (2005). The input values are listed 
in Tables 9.1 and 9.2.  
 
Table 9.1: Details of concrete block material properties used in the analysis 
Material properties Half block Full block References 
Elastic Modulus (MPa) 33000 20000 Ferozkhan (2005) 
Poisson’s ratio (υ) 0.22 0.2 Ferozkhan (2005) 
Uniaxial compressive strength 
(MPa) 
35 30 Ferozkhan (2005) 
Uniaxial tensile strength (MPa) 3.5 3.0 assumed 
Biaxial stress ratio 1.16 1.16 ABAQUS (2013) 
Dilatation angle (°) 15 15 ABAQUS (2013) 
Flow potential Eccentricity (ε) 0.1 0.1 ABAQUS (2013) 
Viscosity parameter 0.01 0.01 ABAQUS (2013) 
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Table 9.2: Concrete compression and tension failure stress ‒ inelastic strain 
data (Ferozkhan, 2005) 
Compression Tension 
Failure stress 
(MPa) 
Inelastic strain Failure stress (MPa) Inelastic 
strain 
Half block data 
10 0.001 3.0 0 
17 0.00125 2.5 0.0005 
35 0.002 2.0 0.0010 
30 0.0035 1.5 0.0015 
10 0.0045 1.0 0.0020 
Full block data 
10 0.001 3.0 0 
15 0.00125 2.5 0.0005 
30 0.002 2.0 0.0010 
27 0.0035 1.5 0.0015 
10 0.0045 1.0 0.0020 
 
The dry interface was modelled without any unevenness in the modelling; this is 
because no data on the surface unevenness were given in Ferozkhan (2005). The 
interaction between the render and the block surface and between the vertical and the 
horizontal joints of the blocks were defined using the properties listed previously in 
Table 4.4 of Chapter 4.  
The FRCC render used by Ferozkhan (2005) is a composite which consisted of fibre 
reinforced cement polymer mix (FRCPM) and fibreglass mesh. The properties of the 
FRCC render are provided in Appendix E. The behaviour of the FRCC render was 
defined using the concrete damage plasticity model. The data used for the FRCC 
render behaviour simulation is given in Tables 9.3 and 9.4 as deduced from Ferozkhan 
(2005). 
 
Table 9.3: Details of FRCC render material properties used in the analysis 
Material properties FRCC References 
Elastic Modulus (MPa) 10000 Ferozkhan (2005) 
Poisson’s ratio (υ) 0.2 Ferozkhan (2005) 
Uniaxial compressive strength (MPa) 25 Ferozkhan (2005) 
Uniaxial tensile strength (MPa) 6.0 Ferozkhan (2005) 
Biaxial stress ratio 1.16 ABAQUS (2013) 
Dilatation angle (°) 15 ABAQUS (2013) 
Flow potential Eccentricity (ε) 0.1 ABAQUS (2013) 
Viscosity parameter 0.01 ABAQUS (2013) 
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Table 9.4: Concrete compression and tension failure stress ‒ inelastic strain data 
(Ferozkhan, 2005) 
Compression Tension 
Failure stress (MPa) Inelastic strain Failure stress (MPa) Inelastic strain 
9 0 6 0 
18 0.0010 5 0.0005 
21 0.00125 4 0.0010 
25 0.0020 3 0.0015 
20 0.0035 2 0.0020 
7 0.0045 1 0.0025 
 
The properties of mortar-auxetic render layers were input as per Section 8.3 of Chapter 
8. The material properties of the PCM mortar for the mortar-auxetic composite render 
were taken from Tables 8.3 and 8.4 presented in Section 8.4.1 of Chapter 8. Properties 
of the auxetic foam and the auxetic fabric were defined previously in Tables 7.2 and 
7.3 respectively of Chapter 7. Perfect bond was considered between the auxetic layer 
and the PCM mortar layer pertaining to the good bond with no delamination observed 
through the experiments on the composites (Figure 8.5) as described in Chapter 8. 
The FE mesh, boundary conditions and loading are shown in Figure 9.2.  Prescribed 
displacements were applied normal to the top surface of the masonry face-shell as 
shown in Figure 9.2. There were 21,223 nodes and 14,236 elements in the mesh. 
 
 
Figure 9.2: 3D model of Ferozkhan (2005) wallette with (a) FRCC and (b) mortar-
auxetic render 
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9.2.2 FE predictions 
The vertical stress distribution of the FRCC rendered wallettes is shown in Figure 
9.3(a). The experimental failure mode is shown in Figure 9.3(b).  
 
Figure 9.3: Vertical stress distribution and failure mode of FRCC rendered wallette 
 
It can be observed that the FRCC render excessively deformed at the bed joints and 
the edges. This response is in agreement with the experimental observations as shown 
in Figure 9.3(b). The onset of delamination at the edges depicted by the excessive 
deformation matched well with the experimental failure modes. 
The vertical stress distribution of the mortar-auxetic rendered wallettes are shown in 
Figure 9.4. Mortar-auxetic foam and mortar-auxetic fabric layers were rendered in 
those wallettes shown in Figures 9.4(a) and 9.4(b) respectively.  
 
Figure 9.4: Vertical stress distribution of mortar-auxetic foam/fabric rendered 
wallettes 
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The deformed shape of the layers is significantly different to the FRCC layers rendered 
wallette shown in Figure 9.3(a). The deformation at the bed joints and the edges of the 
wallettes had reduced significantly. These results proved that the use of mortar-auxetic 
(either foam or fabric) composite renders can be beneficial to improve the failure 
response and resistance of the drystack masonry. 
The average stress-strain response of all three types of the rendered wallettes is plotted 
in Figure 9.5. The FE results of the FRCC rendered wallette are in good agreement 
with the experimental data. Reduction in strength was observed (of about 17%) for the 
mortar-auxetic foam rendered wallette and (of about 10%) for the mortar-auxetic 
fabric rendered wallette owing to their lower strength compared to FRCC. 
 
Figure 9.5: Average stress-strain response of Ferozkhan (2005) wallette  
 
It can be observed that both the auxetic foam and auxetic fabric layer embedded in the 
mortar matrix can eliminate delamination which is sudden and brittle. However 
relative to the FRCC render, they will lose some strength. Given that the un-rendered 
wallette strength from Ferozkhan (2005) is 26 MPa, the composite auxetic foam and 
the composite auxetic fabric wallettes attained 24.7 MPa and 26.2 MPa respectively 
(corresponding efficiency ratio of 0.95 and 1.0). This shows that the composite auxetic 
renders are not detrimental to strength whilst eliminating the brittle and delamination 
failure mode. 
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9.3 FE analysis of rendered drystack wallettes under eccentric compression 
9.3.1 Modelling concept 
Three types of the drystack wallettes (Wall A, Wall B and Wall C) rendered with a 5 
mm thick mortar-auxetic fabric composite were analysed under eccentric compression:  
Wall A: Rendered wall with uneven contact surfaces (base case)  
Wall B: Rendered wall with ground contact surfaces  
Wall C: Rendered wall with uneven contact surfaces and 1mm thick auxetic fabric 
layers in between the bed joints  
For applying eccentric load on the wallettes, full width models of the interlocking 
drystack blocks - both full and the half blocks (which were used in the experiments 
presented in Chapter 3 and for the surface unevenness mitigation studies in Chapter 7) 
were developed. The stresses on both of the face shells under eccentric compression 
loads were then studied. The size of the analysed wallettes was 600 mm wide × 200 
mm thick and 800 mm high. The 200mm wall thickness incorporated the190mm thick 
block and 5mm thick render layers on either sides. Due to symmetry about x and y axis 
only quarter of the wallette was modelled as shown in Figure 9.6. 
 
Figure 9.6: 3D FE model of mortar-auxetic fabric rendered wallette under eccentric 
compression 
 
The loading plate was modelled with linear elastic properties of high tensile steel to 
apply the eccentric load. The material properties of the blocks were kept unchanged as 
explained in Section 4.2.2 of Chapter 4. The interactions between the render and the 
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block and block to block were defined using the properties listed in Table 4.4 of 
Chapter 4. The mortar-auxetic fabric render properties were input as described in the 
Section 9.2. The geometry and the boundary conditions are shown in Figure 9.6. A 
compressive load of 300kN (5kN on each of 60 nodes along x-axis on the centreline 
of the loading plate) was applied at the rate of 60kN/min for the concentric loading 
(eccentricity, e = 0). For other eccentricities of the applied compressive load, the 
loading line was shifted at: 
1. 30 mm eccentricity along the z-axis, left of the centreline (C.L) 
2. 60 mm eccentricity along the z-axis, left of the centreline (C.L) 
The failure mode, stress distribution and load-deflection characteristics were studied 
and are presented in this section. 
9.3.2 FE predictions 
The vertical displacement profile of the mortar-auxetic fabric rendered wallette A with 
different eccentricities is shown in Figure 9.7.  
 
Figure 9.7: Vertical displacement profile of Wall A (a) concentric load (b) 30 mm 
eccentricity left of centreline (c) 60 mm eccentricity left of centreline 
 
This unmitigated, base case wall showed the maximum deformation. For concentric 
load applied on the top, the behaviour was symmetric (Figure 9.7a) as indicated by the 
uniform deformation in both face shells. Under 30 mm eccentricity (towards left side 
of the centreline), higher displacement occurred in the left face shell than the right face 
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shell with minor buckling as shown in Figure 9.7 (b). When the eccentricity was further 
increased to 60 mm, the asymmetry in the displacement pattern increased with large 
deformation (7.6 mm) of the left face shell (see Figure 9.7c). The right side of the 
wallette was observed to have been lifted by 0.2 mm which can result in opening of 
the bed joints and cracking of the render on the right side of the wallette as shown in 
the displacement legend in Figure 9.7(c).  
From the results shown, it can be concluded that the rendering is essential for drystack 
wallettes to resist the tilting and buckling due to accidental eccentricities when the 
blocks are laid on the site. The mortar-auxetic fabric render with better bonding 
properties could prevent brittle failure and collapse of the drystack wallettes. 
Figure 9.8 shows the vertical stress profile of Wall A (unmitigated, base case) for 
different eccentricities. It can be clearly observed that as the eccentricity of the 
compressive loads increased, the stresses became non-uniform. Unsymmetrical axial 
stresses can be seen in the wallette as shown in Figure 9.8(b) and 9.8(c). The maximum 
compressive stress at the contact was observed amplified with the increase in the 
eccentricity due to excessive compression towards the left face shell of the wallette.  
A very high contact stress of 140 MPa was observed at the eccentricity of 60 mm in 
Wall A.  
 
Figure 9.8: Vertical stress distribution of Wall A (a) concentric load (b) 30 mm 
eccentricity left of centreline (c) 60 mm eccentricity left of centreline 
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The vertical stress profile for Walls B and C are shown in Figures 9.9 and Figure 9.10 
respectively. Similar behaviour with non-uniform and unsymmetrical stresses was 
observed. 
 
 
Figure 9.9: Vertical stress distribution of Wall B (a) concentric load (b) 30 mm 
eccentricity left of centreline (c) 60 mm eccentricity left of centreline 
 
 
 
Figure 9.10: Vertical stress distribution of Wall C (a) concentric load (b) 30 mm 
eccentricity left of centreline (c) 60 mm eccentricity left of centreline 
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The load deflection characteristics of Walls A, B and C under concentric compression 
loads are shown in Figure 9.11.  
 
Figure 9.11: Load-deflection characteristics of wallettes under concentric 
compression 
 
It can be observed that the capacity of Wall A (unmitigated, base case) was 216kN, 
which is lower than that of the mitigated Wall B (223kN) and Wall C (240kN). 
Moreover, Wall A deformed more under uniform compressive loads due to progressive 
stiffening of the unmitigated (uneven) bed joints. 
Variation of the ultimate load of Walls A, B and C with the increase in the eccentricity 
is shown in Figure 9.12.  
 
Figure 9.12: Variation of ultimate load with increase in eccentricity  
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As expected, the ultimate load reduced with the increase in eccentricity of the 
compressive load. Wall C with auxetic fabric layers embedded in the bed joints and 
rendered with mortar-auxetic composite layer consistently exhibited higher load 
capacity for all levels of eccentricity. The load capacity of this wall exhibited linear 
reduction of 7.25% for eccentricity of 30 mm and 14.5% for eccentricity of 60 mm. 
Rendered Wall B with ground contact surfaces and rendered Wall A (base case) 
showed a similar reduction in their load capacity in response to the increase in the 
eccentricity. From these results, it can be concluded that although slightly reduced 
capacity for unmitigated wallette was observed, rendering with the mortar-auxetic 
composite layers can protect drystack walls from brittle collapse in case of eccentric 
compression loads.  
Relationship between of the normalised ultimate load )( uue PP  of the Walls A, B and 
C and the increase in the ratio of eccentricity to the wall thickness )( te is shown in 
Figure 9.13.   
 
Figure 9.13: Relationship between normalised load and eccentricity ratio  
 
A regression line to fit the data was plotted as shown in Figure 9.12; a linear 
relationship given in Eq. (9.1) was obtained between the normalised load and the 
eccentricirty ratio for the rendered drystack walls with a regression coefficient of 
94.02 R . 
 






t
e
P
P
u
ue 5.00.1             (9.1) 
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This expression show the reduction is lower compared to the reduction of mortared 
masonry (without render) reported in the literature  






t
e
P
P
u
ue 0.20.1 (Brencich and 
Gambarotta, 2005). It seems that the drystack masonry walls rendered on both side can 
respond to much larger eccentricity in the loading and hence designing rendered dry 
stack wall as a viable structural member need not be discouraged as currently done in 
the AS3700 (2011).  
9.4 Summary 
3D finite element analyses of the rendered drystack wallettes under concentric and 
eccentric compressive loads have been presented in this Chapter. The modelling 
method was first validated with the results reported in Ferozkhan (2005) for FRCC 
rendered drystack wallette. The results of mortar-auxetic composite rendered wallette 
have been compared with the FRCC rendered drystack wallettes subjected to 
concentric load. The mortar-auxetic composite rendered drystack wallettes have also 
been analysed under eccentric compression. Following main conclusions have 
emerged from this chapter’s investigation. 
 The mortar-auxetic composite render improves the failure pattern of the 
wallette by reducing the delamination potential which is the main drawback of 
the FRCC rendered drystack wallettes. 
 
 The rendered wallettes without any mitigation for the contact surface 
unevenness exhibited slightly lower load capacity and deformed more in 
comparison to the walls with ground surfaces and auxetic fabric layers between 
the dry joints. 
 
 Under eccentric compression, mortar-auxetic fabric rendered wallettes resisted 
uplifting better. Thus, the drystack wallettes rendered with mortar-auxetic 
fabric composite appear to resist the eccentricities in compression loads more 
effectively. 
 
 Drystack masonry rendered with mortar-auxetic fabric composite responded to 
eccentric and concentric vertical compression effectively. An eccentric load 
Chapter 9 Page 172 
 
reduction expression of 1.0 0.5ue
u
P e
P t
 
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 
was obtained from the analysis of 
drystack masonry wallettes subject to eccentric compression. This expression 
show the reduction is quite modest compared to the reduction of mortared 
masonry (without render) reported in the literature  1.0 2.0ue
u
P e
P t
 
   
 
 . It 
appears the drystack masonry walls rendered on both side can respond to much 
larger eccentricity in loading and hence designing rendered dry stack wall as a 
viable structural member could be included in the design standards.  
 
  
Chapter 10 Page 173 
 
CHAPTER 10: SUMMARY AND CONCLUSIONS 
10.1 Summary 
Drystack masonry system is advantageous in several ways due to effectiveness of 
construction and requirement of less skilled labour requirement compared to the 
conventional mortared masonry system. However, this system is not considered as a 
legitimate construction by the national standards as masonry is defined as the units 
bonded with mortar. Mortar provides better seating of the units and accounts for the 
variability in unit heights and unevenness of the bonding surfaces. Any interstices in 
the block surface are concealed within the mortar joints and hence are not considered 
as a factor that affects the construction process of the traditional masonry. Application 
of uniform thickness of mortar layers, however, requires skilled labour. When mortar 
is disregarded as in case of drystack masonry, reliance on skilled labour reduces; 
however, the units would have to be manufactured with higher level of precisions of 
unit heights and surface evenness. Projections of hard particles as random interstices 
can also affect the constructability as the contacting interfaces of the units could rock 
pivoting these interstices and can be a safety hazard at site. This thesis examined the 
structural effect of these uneven surfaces with interstices and their mitigation using 
experimental and numerical investigations. 
Matrix based tactile sensors (MBTSS) were used for the first time in masonry research 
to examine the contact surface unevenness profile. High contact pressure at some peak 
points that did not flatten out even at high compressive loads was observed from the 
experiments. It was inferred that the hard aggregate interstices surrounded by the high 
strength mortar matrix on the surface were responsible for the high contact pressure 
sustained over high load. Joint closure strain and stress characteristics were studied 
using non-contact digital image correlation method. Nonlinear progressive stiffening 
behaviour was observed for the dry joints in the early part of loading until a threshold 
strain was attained. This behaviour prevailed until the joints were completely closed 
under compression. A nonlinear micro finite element modelling technique was devised 
to simulate the contact surface unevenness observed from the experimental data 
obtained and the contact properties were validated.  
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An analytical damage model was also formulated as an alternate to the cumbersome 
micro-modelling. Using this model, the compressive strength and stress-strain 
response of drystack prisms/wallettes were predicted. The model was shown to predict 
the strength of different kinds of masonry with reasonable accuracy. It has been shown 
that the nonlinear progressive stiffening model is essential for the prediction of the 
drystack masonry strength and stress-strain response. The influence of unit strength, 
mortar strength and joints thickness to the compressive strength of masonry was 
studied from the analytical model and compared with the experimental datasets. The 
model predictions were also compared with the provisions in Eurocode 6 and AS3700 
(2011) for mortared masonry. 
Two mitigation strategies; viz., grinding the surface of the blocks to reduce the 
unevenness and embedment of materials in the contacting interfaces were studied. 
Grinding of the block surface reduced the contact stresses to a considerably lower 
magnitude; however, surface grinding in the factory to eliminate the unevenness can 
be challenging and would require expensive equipment. As an alternate, PU foam, 
auxetic foam and auxetic fabric were proposed to be used as embedding layers between 
the contacting surfaces of the blocks. These materials were characterised through the 
lab testing and the properties were then used in a FE model to study the effectiveness 
of embedding layers in between the drystack blocks. The auxetic fabric was observed 
to perform better by reducing the nonlinear progressive stiffening behaviour and the 
peak contact pressure.  
The application of the proposed mitigation strategy was studied through a 3D finite 
element model of drystack wallettes with and without auxetic layers in the bed joints. 
Improved results were obtained for auxetic fabric embedded drystack wallettes. 
 Drystack masonry requires surface rendering to impart resistance to lateral loading 
and/or any eccentricity in compression (which is unavoidable). Composite rendering 
products using polymer cement mortar and various forms of auxetic and non-auxetic 
layers were developed in the lab and characterised for their compressive response. 
These products have been then rendered on the surfaces of drystack wallettes to 
examine their responses under concentric and eccentric compression. 
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10.2 Conclusions 
Several general and specific conclusions have been derived from the research reported 
in this thesis; these are presented in this section. 
10.2.1 General conclusions 
1. The Matrix Based Tactile Sensors System (MBTSS) can effectively determine 
the contact surface area and pressure distribution between the contacting shells 
of the drystack masonry. 
2. The contact surface area of the dry interface increase gradually with the 
compressive loads. Blocks might have only about 5% to 10% contact under the 
self-weight and establish contact of up to 95% near peak load. 
3. Contact pressure distribution remain non-uniform throughout the load history. 
Peak pressure can be more than three times the average pressure. 
4. FE micro model can be used to simulate the unevenness of the dry contact 
interface by raising the elevation of the nodal coordinate and assigning rock 
properties to the peaks on the face shell. 
5. Analytical damage model with nonlinear progressive stiffening constitutive 
law for the uneven interface has the potential to predict the compressive 
behaviour of the mortared and drystack masonry. The progressive stiffening 
model is necessary for predicting the behaviour of drystack masonry; however, 
it is not essential for mortared masonry. 
6. Grinding of the surfaces and embedment of auxetic fabric between the bed 
joints of the drystack blocks are beneficial in reducing the peak contact 
pressure. Since grinding could be challenging and expensive, auxetic fabric 
placed between the dry joints may be a preferred solution.  
7. The PU and the auxetic foam layers due to their low modulus and strength, 
increase the vertical deformation under compression and hence are not a viable 
solution.  
8. Higher strength and improved stress-strain response are obtained when auxetic 
fabric layers are embedded between the joints of the drystack masonry. 
9. Polymer mortar-auxetic fabric rendered drystack wallettes perform better than 
the FRCC rendered wallettes by reducing the potential for delamination due to 
negative Poisson’s ratio. 
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10. Mortar-auxetic composite render is a viable solution for drystack wallettes 
under compression and can provide safety against rocking of the drystack walls 
under eccentric compression loads. 
11. Drystack masonry rendered with mortar-auxetic fabric composite responded to 
eccentric and concentric vertical compression effectively; an eccentricity 
reduction expression of 1.0 0.5ue
u
P e
P t
 
   
 
was obtained from the analysis of 
drystack masonry wallettes subject to eccentric compression. This expression 
show the reduction is quite modest compared to the reduction of mortared 
masonry (without render) reported in the literature  1.0 2.0ue
u
P e
P t
 
   
 
 . It 
appears the drystack masonry walls rendered on both side can respond to much 
larger eccentricity in loading. 
 
10.2.2 Specific conclusions 
1. The threshold strain at which the drystack joint closed completely is 
determined as 0.002 and the initial gap between the blocks interfaces is 
measured as 0.1 mm. 
2. The micro FE model of the contact interfaces is sensitive to the position of the 
hard aggregates interstices; without assigning rock properties to those 
interstices, experimental contact pressure cannot be validated. 
3. The developed analytical damage model for the masonry is sensitive to 
variation in unit strength, mortar strength and joint thickness. A threefold 
increase in unit strength provides a twofold increase in masonry strength, 
whereas a threefold increase in mortar strength provides a 1.7-fold increase in 
masonry strength. 
4. The efficiency ratio (masonry strength to unit strength ratio) of the masonry 
increases with the reduction in the mortar joint thickness. 
5. The compressive strength provisions in the Australian Masonry Standard 
AS3700 (2011) resulted in consistently lower strength than those predicted 
from the model – the strengths were approximately 20% lesser for the solid 
clay bricks of 20MPa or lower strength and more than 50% lesser for the solid 
bricks of 30MPa or higher strength. AS3700-2011 appears overly conservative 
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especially for higher strength units, which effectively discourage the structural 
designers to use masonry under high compression.  
6. Conventional polyurethane foams can be converted as auxetic foam. Negative 
Poisson’s ratio of -1.5 could be obtained for the converted auxetic foams. 
7. The auxetic foam embedment in the middle of the mortar matrix for developing 
mortar-auxetic render is not useful in terms of strength and NPR measures. 
8. The mortar-auxetic composites with the auxetic foam layers embedded on the 
external surface can exhibit negative Poisson’s ratio up to -0.11 that can 
mitigate the brittle behaviour of mortar render interface delamination. 
9. The rendered wallettes without any mitigation for the contact surface 
unevenness exhibited slightly lower load capacity and deformed more in 
comparison to the walls with ground surfaces and auxetic fabric layers between 
the dry joints. 
10.3 Recommendations for future study 
The following studies could further benefit the development and improvement of the 
drystack masonry: 
1. Further studies to compare the behaviour of rendered drystack walls and 
conventional mortared walls under eccentric compression and for slenderness 
effects could create potential results to improve the acceptance of drystack 
masonry as a reliable alternative in the national design standards.  
2. Experimental studies on the mortar-auxetic rendered drystack masonry could 
further strengthen the knowledge on the behaviour of drystack masonry. 
3. Further studies on conventional fabric embedded drystack masonry could be 
conducted to compare the results obtained for auxetic fabric embedded 
drystack prisms in this thesis. 
4.  The developed 3D micro FE model for the contact surface unevenness could 
be used to explore the drystack masonry behaviour under in-plane and out-of-
plane loads. 
5. The properties of mortar-auxetic composite render with NPR property could 
be further exploited to study the behaviour of masonry under impact loads. 
6. Consideration of lens distortion in the DIC analysis of images could further 
improve the DIC method used in this study.
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APPENDIX A – MASONRY STRENGTH FROM 
STANDARDS 
A1: Characteristic compressive masonry strength calculations as per Eurocode 
(EC 06) 
Equation (A1.1) shown from Section 3.6.1.2 of Eurocode 6 can be used to find 
characteristics strength of masonry under compression made with general purpose 
mortar and lightweight mortar. 
𝑓𝑘 = 𝐾𝑓𝑏
0.7𝑓𝑚
0.3    (A1.1) 
Where, 
fk is characteristic strength of masonry, 
fb is normalised mean strength of units 
fm is compressive strength of mortar 
K is a constant according to Table 3.3 of EC06. 
The normalised mean compressive strength (fb) is required to be determined according 
to EN 772-1, Annex A. 
A correction shape factor (as shown in Table A1) is multiplied with the mean strength 
of the units (fuc) as shown in Eq. (A1.1) to get fb. 
Table A1: Shape factors for normalised strength 
 
fb = Shape factor  fuc     (A1.2) 
In order to determine the mean strength from the given characteristic strength of unit 
(f 'uc), coefficient of variation (Cv) is required. Eq. (A1.3) can be used to find mean 
strength of units. 
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fuc = 
 f 'uc/(11.64Cv)    (A1.3) 
A1.1 Characteristic strength of clay brick masonry 
For solid clay bricks having lower perforation (≤ 25%), K = 0.55, 
For brick of size 230 mm  110 mm  76 mm, the shape factor = 0.877, 
For assumed Cv = 0.15 and f 'uc = 10 MPa using Eq. (A1.3) the mean strength fuc would 
be 13.3 MPa and the normalised mean strength fb would be 11.6 MPa using Eq. (A1.2). 
Finally the masonry strength with 5 MPa mortar:  
fk = 0.55  (11.6)0.7  (5.0)0.3 = 4.97 MPa 
A1.2 Characteristic strength of hollow concrete block masonry 
For hollow concrete blocks having perforation (> 25%, ≤ 60%), K = 0.45, 
For block size of 390 mm  190 mm  190 mm, the shape factor = 1.14, 
For assumed Cv = 0.15 and f 'uc = 10 MPa using Eq. (A1.3) the mean strength fuc would 
be 13.3 MPa and the normalised mean strength fb would be 15.1 MPa using Eq. (A1.2).  
Finally the masonry strength with 5 MPa mortar:  
fk = 0.45  (15.1)0.7  (5.0)0.3 = 4.88 MPa 
A2 Characteristic compressive masonry strength calculations as per AS3700-
2011 
Eq. (A2.1) is shown from Section 3.3.2 of AS3700-2011 can be used to find 
characteristic strength of masonry. 
𝑓𝑚
′ = 𝐾ℎ 𝑓𝑚𝑏
′      (A2.1) 
Where, 
Kh is joint thickness factor from Table 3.2, AS3700-2011 and 
𝑓𝑚𝑏
′ = 𝑘𝑚√ 𝑓𝑢𝑐′     (A2.2) 
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Where, 
km is compressive strength factor from Table 3.1, AS3700-2011 
𝑓𝑢𝑐
′  is characteristic unconfined compressive strength of units in MPa 
 
A2.1 Characteristic strength of clay brick masonry 
For mortar Type M3, Fully bedded clay masonry, km = 1.4, 
For brick of size 230 mm  110 mm  76 mm and mortar joint thickness of 10 mm, Kh 
= 1.0, 
For assumed f 'uc = 10 MPa using Eq. (A2.1) and (A2.2), the masonry strength would 
be: 
𝑓𝑚
′  = 1.0  1.4  (10)0.5 = 4.43 MPa 
A2.1 Characteristic strength of hollow concrete block masonry 
For mortar Type M3, Face shell bedded concrete masonry, km = 1.6, 
For block of size 390 mm  190 mm  190 mm and mortar joint thickness of 10 mm, 
Kh = 1.3, for assumed f 'uc = 10 MPa using Eq. (A2.1) and (A2.2), the masonry strength 
would be: 
𝑓𝑚
′  = 1.3  1.6  (10)0.5 = 6.58 MPa 
 
 
 
 
 
 
Appendices Page 192 
 
APPENDIX B- EXPERIMENTAL DATA - CHAPTER 3 
B1: Experimental data for contact pressure distribution from MBTSS 
 
Test 1- Sensor 1 Test 1- Sensor 2 
At 20 kN 
 
 
At 40 kN 
  
At 60 kN 
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At 80 kN 
 
 
 
At 100 kN 
  
 
 
 
 
Test 2- Sensor 1 Test 2- Sensor 2 
At 20 kN 
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At 40 kN 
 
 
At 60 kN 
 
 
At 80 kN 
 
 
 
At 100 kN 
 
 
 
  
  
  
Appendices Page 195 
 
Test 3- Sensor 1 Test 3- Sensor 2 
At 20 kN 
  
At 40 kN 
 
 
At 60 kN 
  
At 80 kN 
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At 100 kN 
  
 
 
 
 
Test 4- Sensor 1 Test 4- Sensor 2 
At 20 kN 
  
At 40 kN 
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At 60 kN 
 
 
At 80 kN 
  
 
At 100 kN 
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B2: MATLAB Algorithm for computing strains from DIC displacement 
data 
%function [avgexx avgyyx avgxdiff avgeyy avgyxy avgydiff]  
  
% Code to  create excel sheet for strain calculations from DIC displacement data  
%% Setup 
  
    filename = 'data.xlsx';                                     % creates or opens 
to excel file name data.xlsx 
    folder = dir;                                               % reads the dir 
    items = char(folder.name);                                  % creates a char 
array  
    items = items(ismember(items(:,1:7),'PIV_IMG','rows'),:);   % removes files 
without PIV_IMG in the first 7 characters  
     
    % labels 
    outputlabel = {'Patch';'uo';'vo';'uf';'vf'}; 
  
    % Excel Setup 
    warning('off', 'MATLAB:xlswrite:AddSheet'); 
  
    Excel = actxserver('Excel.Application');       
    Excel.Visible = 0;          % need to be 0 
    Excel.DisplayAlerts = 0; 
    Workbook = Excel.Workbook.Add; 
    Sheets = Excel.ActiveWorkbook.Sheets; 
  
    %% Cambridge Code Output to Excel 
  
    for i = 1:size(items,1) % this loops read all the file in the directory           
           
  data = dlmread(items(i,1:end),'',1,0);              % read output Cambridge code 
  data = data(1:end,1:5)';                            % removes redundant values 
e.g du dv etc         
  bpoint = find(~(diff(data(1,:)) == 1),1,'first');   % determines a break point 
  [ncol nrow] = size(data);                           % determines the size of 
output 
  field = items(i,1:21);                              % naming the field for the 
structure 
  coutput = {}; 
  
    for j = 1:nrow/bpoint % resize the matrix into a logical manner and put it into 
excel 
    output((j-1)*5+1:j*5,1:bpoint) = data(1:5,(j-1)*bpoint+1:j*bpoint);                              
% resizing 
                coutput((j-1)*5+2:j*5+1,1) = outputlabel; 
  
     end  
     % Store data to an to a cell table 
      coutput(2:size(output,1)+1,2:size(output,2)+1) = num2cell(output); 
     % Label 
     coutput{1,1} = 'Both the x and the y directions'; 
 
    %% Stress Calculation 
    % Initialised Variable 
            patch = output(1:5:size(output,1),:); 
            uo = output(2:5:size(output,1),:); 
            uf = output(4:5:size(output,1),:); 
            vo = output(3:5:size(output,1),:); 
            vf = output(5:5:size(output,1),:); 
  
            % Initialised dynamic variable for exx 
            for j = 1:size(uo,2)-1 
                 
                eval(sprintf('exx%d = [];',j)); 
                 
            end 
             
             
            % Calculating exx 
            for j = 1:size(uo,2)-1 
             
     temp = ((uf(1:end,1:end-j) - uf(1:end,1+j:end)) - (uo(1:end,1:end-j) - 
uo(1:end,1+j:end))) ./ (uo(1:end,1:end-j) - uo(1:end,1+j:end)); 
Appendices Page 199 
 
                 
                for jj = 1:size(uo,2)-1 
                            try %stores data into dynamic variable exx 
                     
                            eval(sprintf('exx%d = [exx%d temp(:,%d)];',jj,jj,jj)); 
                             
                        end 
                         
                    end 
            end 
             
            % Initialised dynamic variable for eyy 
            for j = 1:size(uo,1)-1 
                 
                eval(sprintf('eyy%d = [];',j)); 
             
            end 
             
            % Calculating eyy 
            for j = 1:size(vo,1)-1 
             
                temp = ((vf(1:end-j,1:end) - vf(1+j:end,1:end)) - (vo(1:end-
j,1:end) - vo(1+j:end,1:end))) ./ (vo(1:end-j,1:end) - vo(1+j:end,1:end)); 
  
   
                    for jj = 1:size(uo,1)-1 
                 
                        try %stores data into dynamic variable eyy 
                     
                            eval(sprintf('eyy%d = [eyy%d; temp(%d,:)];',jj,jj,jj)); 
                         
                        end 
                    end 
              end 
             
  
            exxTable = []; % creates a variable exxTable 
             
            for j = 1:size(uo,1) % store exx datas into exxTable 
                 
                for jj = 1:size(uo,2)-1 
  
                    
eval(sprintf('exxTable(size(exxTable,1)+1:size(exxTable,1)+size(exx%d,2),1) = 
patch(%d,%d);',jj,j,jj)); 
                    eval(sprintf('exxTable(size(exxTable,1)-
size(exx%d,2)+1:size(exxTable,1),2) = patch(%d,1+%d:end);',jj,j,jj)); 
                    eval(sprintf('exxTable(size(exxTable,1)-
size(exx%d,2)+1:size(exxTable,1),3) = exx%d(%d,1:end);',jj,jj,j)); 
  
                end 
             
            end 
                       
             
  
            eyyTable = []; % creates a variable eyyTable 
             
           for j = 1:size(uo,2) % store eyy data into eyyTable 
                 
                for jj = 1:size(uo,1)-1 
  
                     
                    
eval(sprintf('eyyTable(size(eyyTable,1)+1:size(eyyTable,1)+size(eyy%d,1),1) = 
patch(%d,%d);',jj,jj,j)); 
                    eval(sprintf('eyyTable(size(eyyTable,1)-
size(eyy%d,1)+1:size(eyyTable,1),2) = patch(1+%d:end,%d);',jj,jj,j)); 
                    eval(sprintf('eyyTable(size(eyyTable,1)-
size(eyy%d,1)+1:size(eyyTable,1),3) = eyy%d(1:end,%d);',jj,jj,j)); 
                     
  
                end 
           end 
            
            % calculate exy 
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            exy = (vf(1:end-1,1:end-1) - vf(1:end-1,2:end))./(uo(1:end-1,1:end-1) - 
uo(1:end-1,2:end)) + ... 
                  (uf(1:end-1,1:end-1) - uf(2:end,1:end-1))./(vo(1:end-1,1:end-1) - 
vo(2:end,1:end-1)); 
            
            % stores in a n x 1 table exy 
            exyTable = [reshape(patch(1:end-1,1:end-1)',[],1), reshape(exy',[],1)]; 
            
            % merge table into cell output 
            
coutput(2:1+size(exxTable,1),2+size(coutput,2):1+size(coutput,2)+size(exxTable,2)) 
= num2cell(exxTable); 
            coutput(1,size(coutput,2)-2:size(coutput,2)) = {'patch1' 'patch2' 
'exx'}; 
            
coutput(2:1+size(eyyTable,1),2+size(coutput,2):1+size(coutput,2)+size(eyyTable,2)) 
= num2cell(eyyTable); 
            coutput(1,size(coutput,2)-2:size(coutput,2)) = {'patch1' 'patch 2' 
'eyy'}; 
            
coutput(2:1+size(exyTable,1),2+size(coutput,2):1+size(coutput,2)+size(exyTable,2)) 
= num2cell(exyTable); 
            coutput(1,size(coutput,2)-1:size(coutput,2)) = {'patch' 'exy'}; 
             
  
            %% Excel Formatting 
           
            Sheets.Add([],Sheets.Item(Sheets.Count));            
            Sheets.Item(i+1).Name = field; 
            Sheets.Item(i+1).Select; 
             
            Range = Excel.Range(char(['A1:' num2alp(size(coutput,2)) 
mat2str(size(coutput,1))])); 
            Range.Value = coutput; 
             
            % merging cell 
             Range = Excel.Range(char(['A1:' num2alp(size(output,2)) '1']));         
             Range.Select;         
             Range.MergeCell = true;         
             Range.HorizontalAlignment = -4108;         
  
  
    end 
     
  
    % save excel sheet 
    Workbook.SaveAs([pwd '\data.xlsx']); 
    Workbook.Close(false); 
    Excel.Quit; 
    delete(Excel); 
     
  
%end 
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B3: DIC strain data 
A typical EXCEL data sheet is shown for correlation of two images: 
 
 
 
 
 
  
  
patch1 patch 2 eyy
Patch 27084 27085 27086 27087 27088 27089 27090 27091 27092 27093 27094 27095 27096 27097 27098 27099 27100 27101 27084 27371 0.002
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 27084 27658 -0.00059
vo 1893 1893 1893 1893 1893 1893 1893 1893 1893 1893 1893 1893 1893 1893 1893 1893 1893 1893 27084 27945 -0.00139
uf 2114.543 2134.54 2154.667 2174.397 2194.52 2214.573 2234.517 2254.483 2274.547 2294.607 2314.477 2334.4 2354.54 2374.617 2394.59 2414.52 2434.56 2454.63 27084 28232 -0.00217
vf 1892.357 1892.353 1892.433 1892.31 1892.373 1892.283 1892.393 1892.297 1892.393 1892.317 1892.307 1892.337 1892.363 1892.457 1892.413 1892.497 1892.353 1892.427 27084 28519 -0.01917
Patch 27371 27372 27373 27374 27375 27376 27377 27378 27379 27380 27381 27382 27383 27384 27385 27386 27387 27388 27084 28806 -0.04661
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 27084 29093 -0.00126
vo 1913 1913 1913 1913 1913 1913 1913 1913 1913 1913 1913 1913 1913 1913 1913 1913 1913 1913 27084 29380 -0.00075
uf 2114.623 2134.633 2154.553 2174.49 2194.41 2214.607 2234.54 2254.563 2274.553 2294.503 2314.553 2334.517 2354.52 2374.583 2394.477 2414.573 2434.66 2454.413 27084 29667 -0.00132
vf 1912.397 1912.32 1912.373 1912.307 1912.213 1912.35 1912.363 1912.4 1912.297 1912.253 1912.423 1912.42 1912.37 1912.293 1912.31 1912.467 1912.427 1912.437 27084 29954 -0.00082
Patch 27658 27659 27660 27661 27662 27663 27664 27665 27666 27667 27668 27669 27670 27671 27672 27673 27674 27675 27084 30241 -1E-15
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 27084 30528 4.17E-05
vo 1933 1933 1933 1933 1933 1933 1933 1933 1933 1933 1933 1933 1933 1933 1933 1933 1933 1933 27084 30815 0.000179
uf 2114.523 2134.377 2154.627 2174.487 2194.467 2214.573 2234.497 2254.627 2274.59 2294.627 2314.457 2334.46 2354.433 2374.53 2394.46 2414.46 2434.427 2454.48 27084 31102 -8.4E-05
vf 1932.333 1932.347 1932.373 1932.273 1932.38 1932.507 1932.333 1932.343 1932.473 1932.427 1932.4 1932.283 1932.343 1932.337 1932.38 1932.43 1932.267 1932.387 27371 27658 -0.00317
Patch 27945 27946 27947 27948 27949 27950 27951 27952 27953 27954 27955 27956 27957 27958 27959 27960 27961 27962 27371 27945 -0.00308
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 27371 28232 -0.00356
vo 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 1953 27371 28519 -0.02446
uf 2114.627 2134.987 2154.587 2174.123 2194.6 2214.32 2234.56 2254.313 2274.593 2294.693 2314.373 2334.623 2355.23 2375.183 2394.35 2414.203 2434.657 2454.52 27371 28806 -0.05633
vf 1952.273 1952.55 1952.5 1952.043 1952.307 1952.46 1952.46 1952.51 1952.627 1952.407 1952.333 1952.28 1952.363 1952.45 1952.05 1952.263 1952.397 1952.387 27371 29093 -0.00181
Patch 28232 28233 28234 28235 28236 28237 28238 28239 28240 28241 28242 28243 28244 28245 28246 28247 28248 28249 27371 29380 -0.00114
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 27371 29667 -0.00173
vo 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 1973 27371 29954 -0.00113
uf 2113.063 2133.183 2154.957 2173.107 2194.577 2213.613 2230.453 2256.103 2274.89 2294.823 2314.02 2334.213 2356.837 2373.07 2394.72 2414.1 2437 2453.737 27371 30241 -0.0002
vf 1972.183 1972.56 1972.373 1972.07 1972.363 1972.577 1972.227 1972.443 1972.647 1972.24 1972.213 1972.14 1972.13 1972.59 1972.253 1972.98 1972.37 1972.46 27371 30528 -0.00014
Patch 28519 28520 28521 28522 28523 28524 28525 28526 28527 28528 28529 28530 28531 28532 28533 28534 28535 28536 27371 30815 2.75E-05
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 27371 31102 -0.00024
vo 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 1993 27658 27945 -0.003
uf 2114.137 2135.673 2153.597 2175.48 2195.02 2211.22 2228.987 2254.92 2273.263 2293.133 2318.027 2334.27 2352.91 2375.64 2394.573 2413.247 2431.05 2455.267 27658 28232 -0.00375
vf 1990.44 1992.677 1995.063 1995.017 1994.03 1991.153 1984.447 1988.577 1993.073 1993.18 1992.423 1991.073 1991.853 1993.163 1992.96 1993.88 1991.937 1993.903 27658 28519 -0.03155
Patch 28806 28807 28808 28809 28810 28811 28812 28813 28814 28815 28816 28817 28818 28819 28820 28821 28822 28823 27658 28806 -0.06962
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 27658 29093 -0.00153
vo 2013 2013 2013 2013 2013 2013 2013 2013 2013 2013 2013 2013 2013 2013 2013 2013 2013 2013 27658 29380 -0.00081
uf 2114.45 2134.44 2153.363 2176.233 2194.217 2214.833 2233.963 2253.453 2274.07 2293.027 2313.903 2334.427 2355.37 2380.943 2395.503 2414.007 2434.727 2454.9 27658 29667 -0.00152
vf 2006.763 2012.723 2012.767 2012.37 2013.62 2011.38 2012.573 2012.88 2013.233 2012.18 2013.03 2012.137 2012.237 2013.857 2011.72 2011.767 2011.25 2012.877 27658 29954 -0.00088
Patch 29093 29094 29095 29096 29097 29098 29099 29100 29101 29102 29103 29104 29105 29106 29107 29108 29109 29110 27658 30241 0.00013
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 27658 30528 0.000167
vo 2033 2033 2033 2033 2033 2033 2033 2033 2033 2033 2033 2033 2033 2033 2033 2033 2033 2033 27658 30815 0.000318
uf 2114.8 2134.163 2154.747 2174.88 2195.037 2214.023 2234.73 2253.86 2275.22 2294.283 2314.833 2333.493 2354.483 2374.917 2394.82 2414.933 2435.623 2454.167 27658 31102 -9.5E-16
vf 2032.18 2031.573 2032.077 2032.64 2032.803 2032.357 2032.457 2032.08 2032.723 2031.96 2032.653 2032.543 2032.603 2032.957 2033.947 2031.823 2031.567 2032.437 27945 28232 -0.0045
Patch 29380 29381 29382 29383 29384 29385 29386 29387 29388 29389 29390 29391 29392 29393 29394 29395 29396 29397 27945 28519 -0.04583
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 27945 28806 -0.09183
vo 2053 2053 2053 2053 2053 2053 2053 2053 2053 2053 2053 2053 2053 2053 2053 2053 2053 2053 27945 29093 -0.00117
uf 2114.54 2134.283 2154.767 2174.61 2193.827 2214.69 2234.957 2254.723 2275.097 2294.48 2314.99 2334.657 2353.657 2374.477 2394.77 2413.867 2434.943 2453.947 27945 29380 -0.00037
vf 2052.237 2052.523 2052.153 2052.343 2053.147 2052.26 2052.86 2052.66 2052.073 2052.267 2051.683 2051.757 2052.483 2052.047 2052.493 2052.663 2052.897 2053.647 27945 29667 -0.00128
Patch 29667 29668 29669 29670 29671 29672 29673 29674 29675 29676 29677 29678 29679 29680 29681 29682 29683 29684 27945 29954 -0.00057
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 27945 30241 0.000521
vo 2073 2073 2073 2073 2073 2073 2073 2073 2073 2073 2073 2073 2073 2073 2073 2073 2073 2073 27945 30528 0.000519
uf 2114.517 2135.513 2154.887 2174.577 2194.843 2214.163 2234.533 2254.407 2273.673 2295.003 2314.667 2334.267 2354.25 2374.343 2393.93 2414.247 2434.32 2454.303 27945 30815 0.00065
vf 2072.12 2073.623 2072.377 2072.413 2072.27 2072.513 2072.303 2072.213 2072.167 2071.82 2072.25 2073.043 2072.247 2072.337 2072.467 2073.263 2071.953 2072.843 27945 31102 0.000273
Patch 29954 29955 29956 29957 29958 29959 29960 29961 29962 29963 29964 29965 29966 29967 29968 29969 29970 29971 28232 28519 -0.08716
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 28232 28806 -0.1355
vo 2093 2093 2093 2093 2093 2093 2093 2093 2093 2093 2093 2093 2093 2093 2093 2093 2093 2093 28232 29093 -5.5E-05
uf 2114.35 2134.513 2154.647 2174.66 2194.93 2214.277 2234.57 2254.573 2274.473 2294.447 2314.62 2334.523 2354.073 2374.347 2394.273 2414.55 2434.143 2454.357 28232 29380 0.000668
vf 2092.193 2092.26 2092.273 2092.37 2092.17 2092.257 2092.273 2092.427 2092.257 2092.297 2092.247 2092.437 2092.64 2092.183 2092.31 2092.383 2092.157 2092.523 28232 29667 -0.00063
Patch 30241 30242 30243 30244 30245 30246 30247 30248 30249 30250 30251 30252 30253 30254 30255 30256 30257 30258 28232 29954 8.33E-05
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 28232 30241 0.001239
vo 2113 2113 2113 2113 2113 2113 2113 2113 2113 2113 2113 2113 2113 2113 2113 2113 2113 2113 28232 30528 0.001146
uf 2114.563 2134.533 2154.447 2174.593 2194.447 2214.593 2234.463 2254.52 2274.583 2294.56 2314.503 2334.553 2354.457 2374.413 2394.53 2414.43 2434.56 2454.48 28232 30815 0.001222
vf 2112.357 2112.293 2112.257 2112.22 2112.333 2112.217 2112.39 2112.357 2112.273 2112.43 2112.343 2112.403 2112.297 2112.237 2112.377 2112.513 2112.363 2112.393 28232 31102 0.00075
Patch 30528 30529 30530 30531 30532 30533 30534 30535 30536 30537 30538 30539 30540 30541 30542 30543 30544 30545 28519 28806 -0.18383
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 28519 29093 0.0435
vo 2133 2133 2133 2133 2133 2133 2133 2133 2133 2133 2133 2133 2133 2133 2133 2133 2133 2133 28519 29380 0.029945
uf 2114.503 2134.5 2154.577 2174.53 2194.497 2214.43 2234.443 2254.387 2274.51 2294.447 2314.45 2334.39 2354.58 2374.483 2394.51 2414.417 2434.467 2454.563 28519 29667 0.021
vf 2132.367 2132.28 2132.517 2132.37 2132.423 2132.28 2132.367 2132.303 2132.41 2132.277 2132.42 2132.3 2132.47 2132.273 2132.343 2132.337 2132.423 2132.35 28519 29954 0.017533
Patch 30815 30816 30817 30818 30819 30820 30821 30822 30823 30824 30825 30826 30827 30828 30829 30830 30831 30832 28519 30241 0.015972
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 28519 30528 0.013762
vo 2153 2153 2153 2153 2153 2153 2153 2153 2153 2153 2153 2153 2153 2153 2153 2153 2153 2153 28519 30815 0.012271
uf 2114.4 2134.61 2154.513 2174.447 2194.543 2214.467 2234.46 2254.4 2274.513 2294.45 2314.54 2334.63 2354.54 2374.42 2394.417 2414.453 2434.44 2454.61 28519 31102 0.010518
vf 2152.403 2152.38 2152.457 2152.227 2152.263 2152.34 2152.367 2152.387 2152.28 2152.27 2152.29 2152.467 2152.297 2152.33 2152.31 2152.307 2152.323 2152.313 28806 29093 0.270835
Patch 31102 31103 31104 31105 31106 31107 31108 31109 31110 31111 31112 31113 31114 31115 31116 31117 31118 31119 28806 29380 0.136835
uo 2113 2133 2153 2173 2193 2213 2233 2253 2273 2293 2313 2333 2353 2373 2393 2413 2433 2453 28806 29667 0.089278
vo 2173 2173 2173 2173 2173 2173 2173 2173 2173 2173 2173 2173 2173 2173 2173 2173 2173 2173 28806 29954 0.067875
uf 2114.51 2134.413 2154.557 2174.573 2194.43 2214.367 2234.52 2254.497 2274.553 2294.467 2314.527 2334.37 2354.467 2374.567 2394.413 2414.403 2434.447 2454.4 28806 30241 0.055934
vf 2172.333 2172.313 2172.363 2172.357 2172.21 2172.267 2172.327 2172.293 2172.363 2172.397 2172.423 2172.323 2172.367 2172.43 2172.313 2172.2 2172.42 2172.167 28806 30528 0.046695
28806 30815 0.040286
Both the x and the y directions
DIC Mesh - displacements of 
patches 
Computed strains 
between the patches 
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B4: DIC data for dry joint closure displacement and strains of Half blocks 
Prisms 
TEST 1 
Time Deformation Strain P Stress 
0 0 0 0 0 
10 0.019 0.00035 1.6267 0.18278 
20 0.037 0.00067 8.92392 1.00269 
40 0.069 0.00125 18.7883 2.11105 
100 0.117 0.00214 43.3397 4.86962 
120 0.182 0.0033 95.0108 10.6754 
160 0.199 0.00362 123.653 13.8936 
180 0.249 0.00454 153.672 17.2665 
200 0.315 0.00573 162.019 18.2044 
220 0.372 0.00677 161.37 18.1315 
     
TEST 2 
Time Deformation Strain P Stress 
0 0 0 0 0 
10 0.019 0.00035 0.81 0.09101 
20 0.031 0.00056 1.8071 0.20304 
40 0.036 0.00066 4.27248 0.48005 
100 0.055 0.001 11.6665 1.31084 
120 0.070 0.00127 25.3222 2.84519 
160 0.130 0.00237 74.1809 8.33493 
180 0.170 0.00309 100.772 11.3227 
200 0.220 0.004 128.779 14.4696 
220 0.325 0.0059 161.756 18.1748 
230 0.361 0.00657 161.104 18.1016 
     
TEST 3 
Time Deformation Strain P Stress 
0 0 0 0 0 
10 0.018 0.00032 1.05459 0.11849 
20 0.036 0.00065 2.45675 0.27604 
40 0.038 0.00069 6.6697 0.7494 
100 0.127 0.0023 30.5292 3.43024 
120 0.168 0.00305 47.9961 5.39282 
160 0.230 0.00418 93.0087 10.4504 
180 0.326 0.00593 113.86 12.7933 
200 0.357 0.0065 113.379 12.7392 
220 0.378 0.00688 113.311 12.7316 
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B5: DIC data for dry joint closure displacement and strains of Full blocks 
Prisms: 
TEST 1 
Time Deformation Strain P Stress 
0 0 0 0 0 
10 0.036 0.00065 3.48281 0.21768 
20 0.051 0.00092 7.92634 0.4954 
40 0.066 0.0012 23.5167 1.4698 
80 0.113 0.00205 70.6872 4.41795 
100 0.143 0.00259 104.098 6.50612 
120 0.172 0.00313 142.765 8.92284 
160 0.252 0.00458 217.404 13.5877 
180 0.266 0.00483 238.252 14.8907 
200 0.335 0.00609 234.464 14.654 
220 0.370 0.00672 231.761 14.4851 
     
TEST 2 
 
Time Deformation Strain P Stress 
0 0 0 0 0 
10 0.018 0.00033 2.15228 0.13452 
20 0.026 0.00048 5.63214 0.35201 
40 0.040 0.00073 16.2644 1.01653 
80 0.077 0.00139 52.4487 3.27804 
100 0.123 0.00224 83.3854 5.21159 
120 0.191 0.00348 121.794 7.61212 
140 0.227 0.00413 161.877 10.1173 
180 0.263 0.00478 226.808 14.1755 
200 0.359 0.00653 223.388 13.9617 
     
TEST 3 
 
Time Deformation Strain P Stress 
0 0 0 0 0 
10 0.018 0.00033 2.0128 0.13 
20 0.026 0.00048 3.48281 0.22 
40 0.040 0.00073 7.92634 0.50 
60 0.077 0.00139 28.96 1.81 
80 0.111 0.00202 63.68 3.98 
120 0.138 0.0025 130.4 8.15 
140 0.151 0.00275 158.72 9.92 
180 0.179 0.00325 208.8 13.05 
200 0.252 0.00458 244 15.25 
220 0.356 0.00648 208.734 13.05 
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APPENDIX C- EXPERIMENTAL DATA - CHAPTER 7 
C1: DIC data for PU foam tests 
30ppi PU FOAM: 
TEST 1  TEST 2  TEST 3 
Strain Stress  Strain Stress  Strain Stress 
-0.005 0.021549  -0.002 0.025251  -0.005 0.053298 
-0.06033 0.006571  -0.04013 0.011616  -0.03353 0.009359 
-0.07038 0.004819  -0.08752 0.006733  -0.06507 0.00672 
-0.11942 0.003946  -0.12483 0.004624  -0.11159 0.005596 
-0.1172 0.003501  -0.09425 0.003582  -0.09997 0.00499 
-0.07666 0.00316  -0.07345 0.002947  -0.07762 0.004424 
-0.0439 0.002481  -0.04959 0.002083  -0.04408 0.003756 
-0.01847 0.00153  -0.02528 0.001274  -0.02292 0.002613 
0 0  0 0  0 0 
0.045911 0.00153  0.051038 0.001274  0.047998 0.002613 
0.108465 0.002481  0.106436 0.002083  0.104157 0.003756 
0.198358 0.00316  0.202189 0.002947  0.199508 0.004424 
0.308531 0.003501  0.297008 0.003582  0.290742 0.00499 
0.405461 0.003946  0.413862 0.004624  0.402723 0.005596 
0.491416 0.004819  0.508292 0.006733  0.491871 0.00672 
0.604484 0.006571  0.587899 0.011616  0.607131 0.009359 
0.700001 0.010507  0.700001 0.025251  0.700001 0.017187 
0.800001 0.021549  0.799999 0.063437  0.800001 0.053298 
        
 
 
Test 1  Test 2  Test 3 
Axial 
Strain 
Poisson's 
ratio  
Axial 
Strain 
Poisson's 
ratio  
Axial 
Strain 
Poisson's 
ratio 
0.046 0.402  0.051 0.495  0.048 0.478 
0.108 0.405  0.106 0.466  0.104 0.423 
0.198 0.386  0.202 0.363  0.200 0.389 
0.309 0.380  0.297 0.317  0.291 0.344 
0.405 0.295  0.414 0.302  0.403 0.277 
0.491 0.143  0.508 0.172  0.492 0.132 
0.604 0.100  0.588 0.068  0.607 0.055 
0.700 0.007  0.700 0.003  0.700 0.007 
0.800 0.006  0.800 0.001  0.800 0.006 
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60ppi PU FOAM: 
Test 1  Test 2  Test 3 
Strain Stress  Strain Stress  Strain Stress 
-0.005 0.010874  -0.002 0.01492  -0.01 0.022153 
-0.05607 0.00534  -0.13033 0.004935  -0.07532 0.004209 
-0.08826 0.004795  -0.14102 0.0042  -0.07903 0.003344 
-0.09369 0.004488  -0.12103 0.003882  -0.09431 0.002938 
-0.07483 0.004253  -0.09517 0.003705  -0.07733 0.00271 
-0.05965 0.003886  -0.06877 0.003614  -0.07786 0.002551 
-0.04187 0.002891  -0.04046 0.003507  -0.04226 0.002351 
-0.02054 0.001774  -0.02058 0.002635  -0.02167 0.001805 
0 0  0 0  0 0 
0.049455 0.001774  0.049966 0.002635  0.049691 0.001805 
0.102098 0.002891  0.101706 0.003507  0.100984 0.002351 
0.192 0.003886  0.200634 0.003614  0.201808 0.002551 
0.2945 0.004253  0.295618 0.003705  0.288135 0.00271 
0.395248 0.004488  0.401794 0.003882  0.408417 0.002938 
0.500903 0.004795  0.486749 0.0042  0.497639 0.003344 
0.542665 0.00534  0.594684 0.004935  0.60125 0.004209 
0.700001 0.006681  0.700001 0.006985  0.700001 0.007057 
0.800001 0.010874  0.800001 0.01492  0.800001 0.022153 
 
 
Test 1  Test 2  Test 3 
Axial 
Strain 
Poisson's 
ratio  
Axial 
Strain 
Poisson's 
ratio  
Axial 
Strain 
Poisson's 
ratio 
0.049 0.415  0.050 0.412  0.050 0.436 
0.102 0.410  0.102 0.398  0.101 0.418 
0.192 0.311  0.201 0.343  0.202 0.386 
0.294 0.254  0.296 0.322  0.288 0.268 
0.395 0.237  0.402 0.301  0.408 0.231 
0.501 0.176  0.487 0.290  0.498 0.159 
0.543 0.103  0.595 0.219  0.601 0.125 
0.700 0.007  0.700 0.003  0.700 0.014 
0.800 0.006  0.800 0.002  0.800 0.012 
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C2: DIC data for Auxetic foam tests 
30ppi Auxetic Foam: 
 
Test 1  Test 2  Test 3 
Strain Stress  Strain Stress  Strain Stress 
0.3 0.097306  0.285 0.102985  0.28 0.197591 
0.315 0.042058  0.289 0.035444  0.29 0.069582 
0.31772 0.021877  0.297989 0.017781  0.292372 0.034762 
0.33082 0.011729  0.336173 0.009632  0.32896 0.017467 
0.301342 0.006396  0.315264 0.005324  0.309853 0.00718 
0.210221 0.002827  0.199333 0.002368  0.195953 0.002818 
0.099407 0.000937  0.098293 0.00081  0.097582 0.001292 
0 0  0 0  0 0 
0.064402 0.000937  0.065582 0.00081  0.06568 0.001292 
0.135609 0.002827  0.132958 0.002368  0.13576 0.002818 
0.250037 0.006396  0.257666 0.005324  0.257412 0.00718 
0.399985 0.011729  0.405562 0.009632  0.406001 0.017467 
0.52361 0.021877  0.533778 0.017781  0.524277 0.034762 
0.639539 0.042058  0.644352 0.035444  0.635082 0.069582 
0.8 0.097306  0.8 0.102985  0.8 0.197591 
 
 
Test 1  Test 2  Test 3 
Axial 
Strain 
Poisson's 
ratio  Axial Strain 
Poisson's 
ratio  
Axial 
Strain 
Poisson's 
ratio 
0.064 -1.544  0.066 -1.499  0.066 -1.486 
0.136 -1.550  0.133 -1.499  0.136 -1.443 
0.250 -1.205  0.258 -1.224  0.257 -1.204 
0.400 -0.827  0.406 -0.829  0.406 -0.810 
0.524 -0.607  0.534 -0.558  0.524 -0.558 
0.640 -0.493  0.644 -0.449  0.635 -0.457 
0.800 -0.375  0.800 -0.356  0.800 -0.350 
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60ppi Auxetic Foam: 
 
Test 1  Test 2  Test 3 
Strain Stress  Strain Stress  Strain Stress 
0.245 0.098926  0.22 0.094034  0.2 0.111078 
0.267 0.037344  0.255 0.034972  0.24 0.030276 
0.275 0.020229  0.266 0.018918  0.25 0.014704 
0.30055 0.012006  0.271749 0.011754  0.272817 0.008811 
0.271272 0.006326  0.276916 0.006985  0.241368 0.005369 
0.184499 0.002671  0.183688 0.00333  0.181384 0.002793 
0.097704 0.001328  0.092563 0.00158  0.085169 0.001426 
0 0  0 0  0 0 
0.06495 0.001328  0.062795 0.00158  0.063958 0.001426 
0.124983 0.002671  0.131509 0.00333  0.133776 0.002793 
0.264738 0.006326  0.258824 0.006985  0.261715 0.005369 
0.403825 0.012006  0.426167 0.011754  0.41285 0.008811 
0.523633 0.020229  0.51889 0.018918  0.560029 0.014704 
0.663977 0.037344  0.643709 0.034972  0.673081 0.030276 
0.736333 0.098926  0.8 0.094034  0.8 0.111078 
 
 
 
Test 1  Test 2  Test 3 
Axial 
Strain 
Poisson's 
ratio  
Axial 
Strain 
Poisson's 
ratio  
Axial 
Strain 
Poisson's 
ratio 
0.065 -1.504  0.063 -1.474  0.064 -1.332 
0.125 -1.476  0.132 -1.397  0.134 -1.356 
0.265 -1.025  0.259 -1.070  0.262 -0.922 
0.404 -0.744  0.426 -0.638  0.413 -0.661 
0.524 -0.525  0.519 -0.513  0.560 -0.446 
0.664 -0.402  0.644 -0.396  0.673 -0.357 
0.736 -0.333  0.800 -0.275  0.800 -0.250 
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C3: DIC data for Auxetic fabric tests 
TEST 1 
Lateral Strain Axial Strain Stress Poisson's ratio 
0 0 0   
0.003 0.007 1.359 -0.393 
0.006 0.013 2.579 -0.432 
0.022 0.020 3.747 -1.115 
0.035 0.027 4.932 -1.326 
0.075 0.037 6.168 -2.056 
0.087 0.044 7.457 -1.982 
0.096 0.051 8.812 -1.897 
0.109 0.057 10.221 -1.892 
0.115 0.065 11.680 -1.764 
0.103 0.072 13.189 -1.435 
0.084 0.079 14.762 -1.066 
0.062 0.086 16.400 -0.716 
0.054 0.093 18.098 -0.575 
0.054 0.100 19.805 -0.542 
0.056 0.107 21.522 -0.524 
0.044 0.114 23.279 -0.388 
0.040 0.121 25.125 -0.329 
0.026 0.128 27.150 -0.204 
0.025 0.142 31.116 -0.178 
0.034 0.181 34.930 -0.187 
0.039 0.221 38.479 -0.179 
0.044 0.253 40.636 -0.173 
0.047 0.297 42.264 -0.160 
0.051 0.320 43.107 -0.159 
0.046 0.346 41.752 -0.132 
0.037 0.381 39.335 -0.096 
0.034 0.386 31.337 -0.087 
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TEST 2 
Lateral Strain Axial Strain Stress Poisson's ratio 
0 0 0   
0.002 0.008 1.235 -0.287 
0.003 0.014 2.533 -0.174 
0.019 0.021 3.768 -0.890 
0.032 0.028 5.007 -1.145 
0.075 0.036 6.286 -2.118 
0.086 0.044 7.627 -1.957 
0.108 0.051 10.517 -2.117 
0.114 0.063 12.064 -1.803 
0.103 0.071 13.675 -1.453 
0.084 0.078 15.346 -1.077 
0.061 0.085 17.065 -0.721 
0.053 0.092 18.857 -0.579 
0.054 0.099 20.738 -0.546 
0.050 0.106 22.697 -0.472 
0.044 0.110 24.693 -0.404 
0.033 0.118 26.685 -0.282 
0.024 0.125 28.934 -0.196 
0.022 0.134 33.827 -0.165 
0.033 0.146 39.046 -0.228 
0.040 0.186 44.081 -0.215 
0.043 0.225 48.142 -0.193 
0.047 0.258 51.637 -0.182 
0.042 0.301 51.888 -0.138 
0.033 0.324 48.969 -0.100 
0.030 0.350 41.488 -0.085 
0.029 0.385 36.339 -0.075 
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TEST 3 
Lateral Strain Axial Strain Stress Poisson's ratio 
0 0 0   
0.003 0.008 0.901 -0.346 
0.003 0.014 1.849 -0.206 
0.019 0.021 2.750 -0.922 
0.033 0.028 3.654 -1.172 
0.076 0.041 4.589 -1.853 
0.087 0.048 5.567 -1.815 
0.097 0.055 6.598 -1.753 
0.115 0.068 8.806 -1.698 
0.104 0.075 9.982 -1.388 
0.085 0.082 11.201 -1.036 
0.062 0.089 12.456 -0.700 
0.054 0.096 13.764 -0.565 
0.055 0.110 15.137 -0.500 
0.054 0.120 16.567 -0.448 
0.042 0.131 18.024 -0.320 
0.037 0.143 19.478 -0.262 
0.024 0.183 21.120 -0.130 
0.023 0.222 24.691 -0.103 
0.031 0.255 28.501 -0.123 
0.033 0.298 32.176 -0.112 
0.038 0.321 35.140 -0.118 
0.041 0.347 37.691 -0.119 
0.045 0.382 37.875 -0.118 
0.040 0.387 35.744 -0.102 
0.031 0.389 30.283 -0.078 
0.028 0.400 26.525 -0.069 
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APPENDIX D- EXPERIMENTAL DATA - CHAPTER 8 
D1: DIC data for Mortar-Auxetic foam composites (Group I) 
 
30-A-1 30-A-2 30-A-3 
Strain Stress Strain Stress Strain Stress 
0.00850 1.0680 0.00910 1.7644 0.00845 1.2394 
0.00799 1.8426 0.00828 2.7698 0.00692 2.2363 
0.00643 2.6644 0.00653 2.9081 0.00511 4.5894 
0.00450 3.6792 0.00487 2.2356 0.00430 4.6321 
0.00320 3.1367 0.00298 1.0947 0.00339 3.1451 
0.00228 1.5068 0.00237 0.7286 0.00264 1.0545 
0.00127 0.5510 0.00113 0.2172 0.00120 0.2336 
0.00000 0.0000 0.00000 0.0000 0.00000 0.0000 
0.00009 0.5510 0.00008 0.2172 0.00010 0.2336 
0.00015 1.5068 0.00018 0.7286 0.00025 1.0545 
0.00021 3.1367 0.00020 1.0947 0.00026 3.1451 
0.00024 3.6792 0.00027 2.2356 0.00029 4.6321 
0.00018 2.6644 0.00009 2.9081 0.00007 4.5894 
0.00000 1.8426 0.00000 2.7698 0.00000 2.2363 
-0.00025 1.0680 -0.00018 1.7644 -0.00006 1.2394 
 
60-A-1 60-A-2 60-A-3 
Strain Stress Strain Stress Strain Stress 
0.0091 2.1588 0.0097 1.9700 0.0088 1.6515 
0.0075 2.5231 0.0081 3.1462 0.0069 1.9800 
0.0061 3.1207 0.0067 4.2884 0.0052 2.7485 
0.0052 3.5013 0.0047 3.5338 0.0043 3.1401 
0.0043 2.6636 0.0031 2.3468 0.0035 2.6083 
0.0032 1.5303 0.0022 1.0867 0.0026 1.7536 
0.0022 1.0010 0.0012 0.1946 0.0008 0.7005 
0.0010 0.1038 0.0000 0.0000 0.0000 0.0000 
0.0000 0.0000 0.0001 0.1946 0.0001 0.7005 
0.0001 0.1038 0.0001 1.0867 0.0002 1.7536 
0.0001 1.0010 0.0002 2.3468 0.0001 2.6083 
0.0002 1.5303 0.0002 3.5338 0.0001 3.1401 
0.0000 2.6636 0.0003 4.2884 0.0000 2.7485 
0.0000 3.5013 0.0000 3.1462 -0.0003 1.9800 
-0.0001 3.1207 -0.0004 1.9700 -0.0005 1.6515 
-0.0004 2.5231         
-0.0011 2.1588         
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30-B-1 30-B-2 30-B-3 
Strain Stress Strain Stress Strain Stress 
0.010591 8.070345 0.011 5.360459 0.01046 3.022959 
0.009324 7.610314 0.00942 5.832018 0.0091 4.164815 
0.008547 6.64682 0.00824 4.743975 0.00804 5.19964 
0.007213 5.718899 0.007111 4.058172 0.006975 4.482471 
0.005924 4.572149 0.005924 3.201327 0.005487 4.164815 
0.004258 3.501517 0.004103 2.712885 0.003876 2.526227 
0.00227 2.50801 0.002303 1.595184 0.002148 1.897531 
0 0 0 0 0 0 
0.000242 2.50801 0.000217 1.595184 0.000223 1.897531 
0.000411 3.501517 0.000378 2.712885 0.00034 2.526227 
0.000667 4.572149 0.00065 3.201327 0.000547 4.164815 
0.000722 5.718899 0.000715 4.058172 0.000688 4.482471 
0.000389 6.64682 0.0004 4.743975 0.000402 5.19964 
-6.7E-05 7.610314 -0.00006 5.832018 -0.0001 4.164815 
-0.00074 8.070345 -0.0008 5.360459 -0.0006 3.022959 
      
      
      
      
60-B-1 60-B-2 60-B-3 
Strain Stress Strain Stress Strain Stress 
0.010926 2.327299 0.00989 1.976107 0.011047 5.442731 
0.008998 7.087962 0.009155 5.469474 0.009 7.120285 
0.007882 6.4257 0.008152 5.030906 0.008014 5.774289 
0.007152 4.269248 0.00724 4.444904 0.007413 4.814534 
0.006178 3.263796 0.00597 3.882587 0.006248 3.909167 
0.004374 2.0298 0.00417 2.79204 0.004445 2.610117 
0.002546 1.389519 0.00278 2.229466 0.00215 1.789409 
0 0 0 0 0 0 
0.000241 1.389519 0.000236 2.229466 0.000189 1.789409 
0.000417 2.0298 0.00039 2.79204 0.000333 2.610117 
0.000334 3.263796 0.000314 3.882587 0.000402 3.909167 
0.00005 4.269248 0 4.444904 0.000075 4.814534 
0 6.4257 -0.00004 5.030906 0 5.774289 
-0.00012 7.087962 -0.0001 5.469474 -0.00012 7.120285 
-0.00032 2.327299 -0.00026 1.976107 -0.00032 5.442731 
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30-C-1 30-C-2 30-C-3 
Strain Stress Strain Stress Strain Stress 
0.007881 7.043611 0.008249 4.310113 0.008525 5.694507 
0.006209 11.63038 0.006421 7.718685 0.006244 8.139815 
0.004838 8.475321 0.004568 6.90851 0.004334 7.017552 
0.003287 3.53162 0.003341 4.759094 0.003134 5.015236 
0.002713 2.01239 0.002831 3.717513 0.002783 3.926454 
0.00141 1.124307 0.00151 1.817279 0.00151 1.812521 
0.000645 0.344982 0.000845 0.999132 0.000795 0.90179 
0 0 0 0 0 0 
4.88E-05 0.344982 6.88E-05 0.999132 5.88E-05 0.90179 
9.42E-05 1.124307 9.82E-05 1.817279 8.7E-05 1.812521 
0.000159 2.01239 0.000164 3.717513 0.000164 3.926454 
0.000123 3.53162 0.000123 4.759094 0.000112 5.015236 
0 8.475321 -1E-06 6.90851 -2.1E-06 7.017552 
-0.00033 11.63038 -0.00023 7.718685 -0.00023 8.139815 
-0.00043 7.043611 -0.00043 4.310113 -0.00043 5.694507 
      
      
      
60-C-1 60-C-2 60-C-3 
Strain Stress Strain Stress Strain Stress 
0.008064 4.547723 0.008106 2.224918 0.008064 7.835884 
0.006251 5.035725 0.006625 5.603393 0.006143 8.973789 
0.004576 5.670049 0.004258 7.808428 0.004158 10.26 
0.003508 5.972472 0.003451 5.322682 0.003851 8.029698 
0.002698 5.961628 0.002557 3.142797 0.002746 5.295965 
0.001572 2.061236 0.001456 1.220051 0.001657 1.756054 
0.00073 1.086453 0.000687 0.765998 0.000703 0.151151 
0 0 0 0 0 0 
6.47E-05 1.086453 6.71E-05 0.765998 5.47E-05 0.151151 
0.000137 2.061236 0.000124 1.220051 0.000124 1.756054 
0.000233 5.961628 0.000233 3.142797 0.000217 5.295965 
0.000333 5.972472 0.000303 5.322682 0.000287 8.029698 
0.000244 5.670049 0.000244 7.808428 0.000204 10.26 
0.0001 5.035725 0.0001 5.603393 0 8.973789 
0 4.547723 -0.0001 2.224918 -0.0001 7.835884 
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30-A-1 30-A-2 30-A-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.001268 -0.073 0.001132 -0.075 0.001197 -0.082 
0.002277 -0.065 0.002373 -0.078 0.002637 -0.094 
0.003196 -0.066 0.002979 -0.068 0.003394 -0.077 
0.004499 -0.053 0.00487 -0.055 0.004297 -0.067 
0.006434 -0.028 0.006533 -0.014 0.00511 -0.014 
0.007986 0.000 0.008281 0.000 0.006916 0.000 
0.0085 0.030 0.0091 0.020 0.00845 0.007 
      
      
30-B-1 30-B-2 30-B-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.00127 -0.106 0.001303 -0.094 0.001148 -0.104 
0.00227 -0.097 0.002303 -0.092 0.002148 -0.088 
0.004258 -0.113 0.004103 -0.110 0.003876 -0.100 
0.005924 -0.100 0.005924 -0.101 0.005487 -0.099 
0.007213 -0.046 0.007111 -0.049 0.006975 -0.050 
0.008547 0.007 0.00824 0.006 0.00804 0.011 
0.009324 0.020 0.00942 0.016 0.0091 0.024 
      
      
30-C-1 30-C-2 30-C-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.000645 -0.076 0.000845 -0.081 0.000795 -0.074 
0.00141 -0.067 0.00151 -0.065 0.00151 -0.068 
0.002713 -0.059 0.002831 -0.058 0.002783 -0.059 
0.003287 -0.037 0.003341 -0.049 0.003134 -0.046 
0.004838 -0.011 0.004568 -0.016 0.004334 -0.017 
0.006209 0.000 0.006421 0.000 0.006244 0.000 
0.007881 0.025 0.008249 0.026 0.008525 0.027 
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60-A-1 60-A-2 60-A-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.000994 -0.062 0.0012 -0.071 0.001197 -0.077 
0.002223 -0.061 0.00223 -0.063 0.00255 -0.067 
0.00316 -0.056 0.003105 -0.058 0.00345 -0.056 
0.00428 -0.044 0.00465 -0.045 0.004297 -0.025 
0.005225 -0.012 0.006665 -0.038 0.00521 -0.015 
0.006084 0.000 0.008111 0.000 0.006916 0.000 
0.007493 0.011 0.0097 0.018 0.00878 0.011 
      
      
60-B-1 60-B-2 60-B-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.001546 -0.095 0.00178 -0.085 0.00115 -0.088 
0.002546 -0.095 0.00278 -0.094 0.00215 -0.089 
0.004374 -0.100 0.00417 -0.099 0.004445 -0.079 
0.006178 -0.070 0.00597 -0.008 0.006248 -0.050 
0.007152 0.000 0.00724 0.005 0.007413 0.000 
0.007882 0.013 0.008152 0.011 0.008014 0.013 
0.008998 0.029 0.009155 0.026 0.009 0.029 
      
      
60-C-1 60-C-2 60-C-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.00073 -0.089 0.000687 -0.098 0.000703 -0.078 
0.001572 -0.087 0.001456 -0.085 0.001657 -0.075 
0.002698 -0.086 0.002557 -0.091 0.002746 -0.079 
0.003508 -0.095 0.003451 -0.088 0.003851 -0.075 
0.004576 -0.053 0.004258 -0.057 0.004158 -0.049 
0.006251 -0.016 0.006625 -0.015 0.006143 0.000 
0.008064 0.000 0.008106 0.012 0.008064 0.012 
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D2: DIC data for Mortar-Fibreglass mesh composites (Group II) 
HM-A-1 HM-A-2 HM-A-3 
Strain Stress Strain Stress Strain Stress 
0.0123 10.46879 0.009871 10.36446 0.010871 4.674732 
0.010076 12.82783 0.008593 10.37274 0.008693 9.119228 
0.008354 11.35763 0.007245 8.45663 0.007745 5.444622 
0.007047 8.052658 0.005781 6.492227 0.006121 4.015536 
0.00641 5.167241 0.004609 3.09729 0.004875 2.563094 
0.004886 2.752118 0.002571 1.379179 0.002871 1.017847 
0.002925 1.042097 0.000675 0.123553 0.00058 0.065315 
0.000779 0.321243 0 0 0 0 
0 0 -0.00013 0.123553 -0.00011 0.065315 
-0.00012 0.321243 -0.00049 1.379179 -0.00055 1.017847 
-0.00045 1.042097 -0.00116 3.09729 -0.00099 2.563094 
-0.00083 2.752118 -0.00209 6.492227 -0.00159 4.015536 
-0.0015 5.167241 -0.00287 8.45663 -0.00259 5.444622 
-0.00178 8.052658 -0.00333 10.37274 -0.00325 9.119228 
-0.0025 11.35763 -0.00385 10.36446 -0.00375 4.674732 
-0.00308 12.82783         
-0.0035 10.46879         
      
      
      
NM-A-1 NM-A-2 NM-A-3 
Strain Stress Strain Stress Strain Stress 
0.011 9.016118 0.0099 6.966379 0.01107 9.688375 
0.009834 12.39124 0.00861 12.13143 0.008547 12.18227 
0.008219 10.98803 0.006874 10.19452 0.007745 5.444622 
0.007582 8.893641 0.00547 6.492227 0.006121 4.015536 
0.006687 5.600101 0.003879 3.09729 0.004875 2.563094 
0.004382 3.469146 0.00265 1.379179 0.002871 1.017847 
0.002781 1.19821 0.000675 0.012983 0.00058 0.065315 
0.000968 0.662277 0 0 0 0 
0 0 -0.00013 0.012983 -0.00012 0.065315 
-0.00015 0.662277 -0.00042 1.379179 -0.0006 1.017847 
-0.00044 1.19821 -0.00097 3.09729 -0.00115 2.563094 
-0.00068 3.469146 -0.00198 6.492227 -0.002 4.015536 
-0.0015 5.600101 -0.00259 10.19452 -0.00287 5.444622 
-0.00236 8.893641 -0.00333 12.13143 -0.00334 12.18227 
-0.00267 10.98803 -0.00387 6.966379 -0.00365 9.688375 
-0.00305 12.39124         
-0.00314 9.016118         
  
Appendices Page 217 
 
 
HM-B-1 HM-B-2 HM-B-3 
Strain Stress Strain Stress Strain Stress 
0.008185 10.86861 0.008585 7.721405 0.008688 8.8097 
0.007212 9.897696 0.007412 9.8858 0.007702 10.62561 
0.006591 8.506953 0.006791 6.266349 0.006459 10.60328 
0.005494 6.027549 0.005794 5.012178 0.005249 9.455757 
0.004118 4.392579 0.004352 3.240016 0.003842 5.306158 
0.002753 2.313735 0.002553 1.481741 0.002678 2.240999 
0.001619 0.947655 0.001572 0.549762 0.001719 0.936913 
0 0 0 0 0 0 
-0.00023 0.947655 -0.00024 0.549762 -0.00023 0.936913 
-0.00041 2.313735 -0.00041 1.481741 -0.00042 2.240999 
-0.00061 4.392579 -0.00071 3.240016 -0.00062 5.306158 
-0.00109 6.027549 -0.00129 5.012178 -0.00111 9.455757 
-0.00154 8.506953 -0.00154 6.266349 -0.00144 10.60328 
-0.00273 9.897696 -0.00273 9.8858 -0.00283 10.62561 
-0.00316 10.86861 -0.00316 7.721405 -0.0032 8.8097 
      
      
      
NM-B-1 NM-B-2 NM-B-3 
Strain Stress Strain Stress Strain Stress 
0.008657 5.12198 0.008966 10.89516 0.00916 11.26391 
0.00667 10.38803 0.006448 8.343607 0.006345 12.64068 
0.005175 10.88028 0.005413 4.983124 0.005298 7.363658 
0.00351 9.343933 0.003651 2.981444 0.003127 4.478659 
0.002257 4.905724 0.002326 1.770313 0.002233 2.750744 
0.001587 2.535309 0.001659 0.797912 0.001659 1.103099 
0.00058 0.31684 0.000618 0.36271 0.000752 0.438546 
0 0 0 0 0 0 
-7.3E-05 0.31684 -8.3E-05 0.36271 -9.6E-05 0.438546 
-0.00024 2.535309 -0.00022 0.797912 -0.00021 1.103099 
-0.00035 4.905724 -0.00035 1.770313 -0.00031 2.750744 
-0.00061 9.343933 -0.00055 2.981444 -0.00052 4.478659 
-0.00133 10.88028 -0.00123 4.983124 -0.00123 7.363658 
-0.00172 10.38803 -0.00167 8.343607 -0.00167 12.64068 
-0.00241 5.12198 -0.00201 11.89516 -0.00222 11.26391 
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HM-C-1 HM-C-2 HM-C-3 
Strain Stress Strain Stress Strain Stress 
0.008766 17.90991 0.008998 13.43736 0.008477 14.46834 
0.007051 18.7442 0.007205 18.12552 0.006781 16.18187 
0.005893 13.82264 0.005689 12.09628 0.005289 18.98163 
0.004419 9.253074 0.004342 9.694155 0.004211 17.35031 
0.003455 5.925865 0.003225 7.234458 0.003145 8.400494 
0.002359 3.517601 0.002036 4.579137 0.002418 4.238786 
0.001288 1.617287 0.001129 1.994725 0.001253 1.873276 
0 0 0 0 0 0 
-0.00017 1.617287 -0.00015 1.994725 -0.00016 1.873276 
-0.00036 3.517601 -0.00033 4.579137 -0.00031 4.238786 
-0.0006 5.925865 -0.00054 7.234458 -0.0006 8.400494 
-0.00084 9.253074 -0.00081 9.694155 -0.00081 17.35031 
-0.00133 13.82264 -0.00121 12.09628 -0.00133 18.98163 
-0.00171 18.7442 -0.00175 18.12552 -0.00171 16.18187 
-0.00215 17.90991 -0.00215 13.43736 -0.00215 14.46834 
      
      
NM-C-1 NM-C-2 NM-C-3 
Strain Stress Strain Stress Strain Stress 
0.008858 11.26032 0.00858 17.6128 0.006126 10.77918 
0.006857 15.1359 0.006568 15.10557 0.005136 13.67974 
0.005236 14.01882 0.005362 14.2748 0.004792 16.80435 
0.004592 12.76033 0.004915 12.15218 0.003348 14.0884 
0.003148 9.005988 0.00348 9.355781 0.002023 6.972896 
0.002123 4.881451 0.002233 4.73333 0.000891 2.287992 
0.001 1.016278 0.001096 2.332554 0 0 
0 0 0 0 -0.00011 2.287992 
-0.00012 1.016278 -0.00015 2.332554 -0.0003 6.972896 
-0.0003 4.881451 -0.00031 4.73333 -0.00056 14.0884 
-0.00053 9.005988 -0.00056 9.355781 -0.00089 16.80435 
-0.00086 12.76033 -0.00089 12.15218 -0.00113 13.67974 
-0.00102 14.01882 -0.00113 14.2748 -0.00132 10.77918 
-0.00143 15.1359 -0.00132 15.10557     
-0.002 11.26032 -0.002 17.6128     
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HM-A-1 HM-A-2 HM-A-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.000779 0.152 0.000675 0.189 0.00058 0.194 
0.002925 0.154 0.002571 0.189 0.002871 0.190 
0.004886 0.170 0.004609 0.251 0.004875 0.203 
0.00641 0.234 0.005781 0.288 0.006121 0.260 
0.007047 0.253 0.007245 0.313 0.007745 0.334 
0.008354 0.299 0.008593 0.346 0.008693 0.374 
      
      
      
NM-A-1 NM-A-2 NM-A-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.000968 0.157 0.000675 0.196 0.00058 0.214 
0.002781 0.160 0.00265 0.159 0.002871 0.209 
0.004382 0.156 0.003879 0.249 0.004875 0.236 
0.006687 0.225 0.00547 0.282 0.006121 0.269 
0.007582 0.311 0.006874 0.306 0.007745 0.300 
0.008219 0.325 0.00861 0.326 0.008547 0.311 
      
      
      
HM-B-1 HM-B-2 HM-B-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.001619 0.141 0.001572 0.151 0.001719 0.136 
0.002753 0.148 0.002553 0.160 0.002678 0.157 
0.004118 0.147 0.004352 0.162 0.003842 0.162 
0.005494 0.198 0.005794 0.222 0.005249 0.211 
0.006591 0.234 0.006791 0.227 0.006459 0.223 
0.007212 0.259 0.007412 0.249 0.007702 0.275 
0.008185 0.275 0.008585 0.270 0.008688 0.300 
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NM-B-1 NM-B-2 NM-B-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.00058 0.126 0.000618 0.135 0.000752 0.127 
0.001587 0.154 0.001659 0.135 0.001659 0.127 
0.002257 0.156 0.002326 0.151 0.002233 0.141 
0.00351 0.175 0.003651 0.151 0.003127 0.166 
0.005175 0.258 0.005413 0.228 0.005298 0.233 
0.00667 0.258 0.006448 0.259 0.006345 0.264 
0.008657 0.279 0.008966 0.225 0.00916 0.243 
      
      
HM-C-1 HM-C-2 HM-C-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.001288 0.134 0.001129 0.130 0.001253 0.125 
0.002359 0.154 0.002036 0.160 0.002418 0.137 
0.003455 0.174 0.003225 0.167 0.003145 0.191 
0.004419 0.191 0.004342 0.188 0.004211 0.203 
0.005893 0.226 0.005689 0.213 0.005289 0.252 
0.007051 0.243 0.007205 0.243 0.006781 0.254 
0.008766 0.245 0.008998 0.239 0.008477 0.257 
      
      
NM-C-1 NM-C-2 NM-C-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.001 0.125 0.001096 0.134 0.000891 0.129 
0.002123 0.142 0.002233 0.141 0.002023 0.149 
0.003148 0.167 0.00348 0.161 0.003348 0.168 
0.004592 0.187 0.004915 0.181 0.004792 0.186 
0.005236 0.195 0.005362 0.198 0.005136 0.192 
0.006857 0.209 0.006568 0.201 0.006126 0.216 
0.008858 0.226 0.00858 0.233 0.008536 0.234 
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3: DIC data for Plain mortar samples (Group III) 
CO-A-1 CO-A-2 CO-A-3 
Strain Stress Strain Stress Strain Stress 
0.004178 2.545891 0.004018 3.517093 0.003894 4.135357 
0.003891 4.125685 0.003669 5.236584 0.003467 4.699113 
0.003403 5.191681 0.00324 7.424456 0.003024 6.351859 
0.002007 4.426719 0.001981 4.3022 0.002058 3.936574 
0.00155 3.847524 0.001315 2.329503 0.001132 1.213373 
0.000896 2.196498 0.000896 1.003676 0.000679 0.618176 
0.00046 1.063537 0.000346 0.443166 0 0 
0 0 0 0 -0.00012 0.618176 
-7.9E-05 1.063537 -5.6E-05 0.443166 -0.00021 1.213373 
-0.00015 2.196498 -0.00015 1.003676 -0.00039 3.936574 
-0.00027 3.847524 -0.00024 2.329503 -0.00059 6.351859 
-0.00039 4.426719 -0.00036 4.3022 -0.00079 4.699113 
-0.00069 5.191681 -0.00069 7.424456 -0.00102 4.135357 
-0.00093 4.125685 -0.00093 5.236584     
-0.00133 2.545891 -0.00133 3.517093     
      
CO-B-1 CO-B-2 CO-B-3 
Strain Stress Strain Stress Strain Stress 
0.004081 6.936571 0.003994 4.314457 0.003758 5.978047 
0.003633 7.032593 0.003563 4.857396 0.003433 6.91054 
0.003044 5.250587 0.003147 5.026746 0.003144 5.734112 
0.00215 3.197453 0.002241 5.345633 0.00124 1.744544 
0.000595 0.655577 0.001243 2.882759 0.000695 0.605198 
0.000333 0.311588 0.000579 1.215929 0.000303 0.269932 
0 0 0.000313 0.626408 0 0 
-5.9E-05 0.311588 0 0 -5.9E-05 0.269932 
-0.00013 0.655577 -5.9E-05 0.626408 -0.00014 0.605198 
-0.00027 2.239126 -0.00011 1.215929 -0.00027 1.744544 
-0.00062 3.197453 -0.00025 2.882759 -0.00062 2.549362 
-0.00086 5.250587 -0.00056 5.345633 -0.00086 5.734112 
-0.00117 7.032593 -0.00083 5.026746 -0.00127 6.91054 
-0.00142 6.936571 -0.00117 4.857396 -0.00142 5.978047 
    -0.00142 4.314457     
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CO-C-1 CO-C-2 CO-C-3 
Strain Stress Strain Stress Strain Stress 
0.00392 3.370388 0.003792 2.224918 0.004 7.916744 
0.003756 5.442659 0.003556 5.603393 0.003876 7.625388 
0.003266 7.243553 0.003027 7.808428 0.003127 5.878109 
0.002583 7.470514 0.002346 5.322682 0.002458 4.813918 
0.00081 3.205175 0.001319 3.142797 0.001232 3.096061 
0 0 0.00023 0.765998 0.00071 1.350031 
-4.6E-05 0.012026 0 0 0.000274 0.535251 
-0.00017 3.205175 -4.6E-05 0.765998 0 0 
-0.00026 6.595027 -0.00017 1.220051 -5.6E-05 0.535251 
-0.00064 7.470514 -0.00026 3.142797 -0.00015 1.350031 
-0.00084 7.243553 -0.00064 5.322682 -0.00026 3.096061 
-0.00118 5.442659 -0.00084 7.808428 -0.00064 4.813918 
-0.00133 3.370388 -0.00118 5.603393 -0.00084 5.878109 
    -0.00133 2.224918 -0.00118 7.625388 
CO-A-1 CO-A-2 CO-A-3 
Strain Poisson's Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.00046 0.173 0.000346 0.163 0.00082 0.186 
0.000896 0.173 0.000896 0.162 0.000679 0.183 
0.00155 0.177 0.001315 0.180 0.001132 0.189 
0.002007 0.194 0.001981 0.184 0.002058 0.188 
0.003403 0.203 0.00324 0.213 0.003024 0.195 
0.003891 0.239 0.003669 0.253 0.003467 0.229 
0.004178 0.319 0.004018 0.332 0.003894 0.263 
CO-B-1 CO-B-2 CO-B-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.000333 0.177 0.000313 0.188 0.000303 0.195 
0.000595 0.197 0.000579 0.195 0.000695 0.205 
0.001024 0.211 0.001243 0.198 0.00124 0.215 
0.00215 0.237 0.002241 0.251 0.00255 0.242 
0.003044 0.290 0.003147 0.262 0.003144 0.273 
0.003633 0.323 0.003563 0.330 0.003433 0.302 
0.004081 0.348 0.003994 0.356 0.003758 0.333 
CO-C-1 CO-C-2 CO-C-3 
Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio Strain 
Poisson's 
Ratio 
0.000227 0.203 0.00023 0.200 0.000274 0.204 
0.00081 0.215 0.000868 0.200 0.00071 0.208 
0.001187 0.223 0.001319 0.201 0.001232 0.215 
0.002583 0.249 0.002346 0.275 0.002458 0.262 
0.003266 0.258 0.003027 0.279 0.003127 0.270 
0.003756 0.315 0.003556 0.333 0.003876 0.305 
0.00392 0.340 0.003792 0.352 0.004 0.333 
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APPENDIX E- EXPERIMENTAL DATA - CHAPTER 9 
E1: Experimental data for FRCC render from Ferozkhan (2005) 
Compressive Behaviour 
Strain Stress 
0 0 
0.0001 1 
0.0003 3 
0.0005 5 
0.0007 7 
0.0009 9 
0.00125 12 
0.002 25 
0.0035 20 
 
Tensile Behaviour 
Strain Stress 
0 0 
0.0001 1 
0.0002 2 
0.0003 3 
0.0004 4 
0.0005 5 
0.001 4 
0.0015 3 
 
